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Abstract

The small and lightweight Lunar Zebro rover must survive in the harsh lunar environment for several Earth
days following its moon landing. The mission of the rover is to map the radiation environment on the
moon. The success of the entire mission depends on the Power Electronic System (PES), which supplies
power to all subsystems and charges the batteries using solar panels. The current PES of the Lunar Zebro
rover does not comply with all mission-specific requirements and does not perform satisfactorily when
integrated into the rover. Therefore, the need for a reliable PES that conforms to all requirements arises for
the Lunar Zebro rover.

In this research, the design and implementation of an efficient, compact, and redundant PES for the Lunar
Zebro rover is developed. First, the optimal Direct Current (DC) bus is designed to obtain a system with the
highest efficiency. This is done by modelling the efficiency of the DC/DC converters for different bus volt-
ages and estimating the overall losses in these converters during the deployment of the rover. Moreover,
the effect of the bus voltage on the size of the passive components is investigated, and the bus voltage re-
sulting in the most compact system is obtained. It is found that a 12 V bus results in the most efficient and
compact system. No additional converter is required that regulates the 12V output, and the inductance
required for each converter is decreased compared to higher bus voltages.

Besides the DC bus design, redundancy methods are compared to obtain the best tradeoff between re-
dundancy and footprint added. The two-phase interleaved converter was found to have only an 8.59%
increase in footprint compared to single-phase converters, while failure in a switch, diode, input capacitor,
and output capacitor are accounted for in each converter.

Finally, the mode of operation that results in the highest efficiency is obtained by designing each converter
and modelling the corresponding losses for Continuous Conduction Mode (CCM) and Discontinuous Con-
duction Mode (DCM) operation. For both the single-phase and two-phase interleaved converters hold that
operating in CCM results in a significant increase in efficiency compared to DCM operation. Moreover,
the PES utilising two-phase interleaved converters is more efficient during rover operation than the single-
phase counterpart. However, charging is less efficient than for the single-phase counterpart. Simulink and
LTspice simulations have been carried out to verify the operation of each converter. Finally, experiments
on a functional prototype are carried out to provide experimental validation of the design.
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Chapter 1

Introduction

Interest in exploration of the moon has regained interest lately [1]. The Artemis program of NASA has as its
goal to send humans to the moon yearly to establish sustainable moon bases and surface capabilities [2].
Similarly, SpaceX is also planning to land humans on the moon with Starship [3]. The radiation-rich envi-
ronment on the moon poses serious health risks for astronauts [4]. Locations with the least amount of
radiation will be most suitable for establishing moon bases. To find these locations, a map of the radiation
environment on the moon is required. This is the goal of the Lunar Zebro project, which will ultimately send
a swarm of small, lightweight rovers to map the radiation environment on the moon [5].

The Lunar Zebro project is a project of the University of Technology Delft. It is the world's smallest and
lightest rover, built by students from the TU Delft. The first rover will be sent to the moon’s South pole and
has several goals for its mission. First, it will image the ground around the moon lander to study the effects
of traditional landing methods on the lunar surface. Second, it will demonstrate its unique locomotion
system consisting of 6 C-shaped legs, as well as its autonomous navigation system. In addition, it will
carry out radiation measurements with the in-house developed radiation measurement payload. Finally, it
should cover as much ground as possible during one day on the moon, which is equal to 14 days on Earth,
before going into hibernation during the night. If it ever wakes up again, it will send a beacon to Earth.

Besides its technical goals, the overall goal of the project is to provide education on lunar missions to
students. Therefore, most of the systems inside the rover are in-house developed by students. Currently,
the Power Electronic System (PES) of the rover is a Commercial Off-The-Shelf (COTS) product. Integration
in the rover is challenging since it does not comply with all mission-specific requirements, for example
shutting down parts of the power supply during the flight to the moon. Moreover, the PES does not perform
satisfactorily when integrated into the rover and unexpected behaviour occurs. Finally, no modifications
can be made since it is the intellectual property of the manufacturer. Therefore, the need arises for an
in-house developed PES that is specifically designed for the mission. Besides the educational purposes,
an in-house developed system has several advantages. The PES can be optimised in size and weight for
mission-specific requirements. Furthermore, the PES can be made modular so future missions can easily
integrate new functionalities or adapt current modules.

The PES is one of the most critical systems of the Lunar Zebro rover. If the PES fails, the rover loses all
functionalities. The PES must be able to store energy using batteries and is responsible for distributing
power to all subsystems inside the rover at voltages of 12V, 5V, and 3.3 V. Moreover, it should charge the
batteries from the solar panels mounted on top of the rover. Finally, it must operate in the harsh conditions
of the moon. The radiation environment on the moon can cause early failure in Power Electronic Compo-
nents (PECs) [6]. Furthermore, it must be able to withstand the extreme temperatures on the South pole of
the moon, ranging from -203°C in some craters to 54°C at sunlit surfaces during the day [7]. By including
redundancy the reliability of the PES is increased [8]. Contradictory, the PES should be made small and
lightweight to reduce the cost of sending it to the moon.

In a battery-powered system where multiple sources and loads are interconnected, it is common practice
to have a central DC bus [9, 10]. This has several advantages. First of all, the power flowing into and out
of the batteries is controlled using a single DC/DC converter. Second, the system is made modular as
additional systems can be connected to the DC bus. Finally, the input voltages of the DC/DC converters
forthe 12V, 5V, and 3.3V outputs are regulated instead of the fluctuating battery voltage. This simplifies
the design of these converters. The value of the DC bus voltage will influence the design and efficiency
of the PES. The efficiency is a key parameter, as a higher efficiency results in longer operation of the
rover. Furthermore, the temperature increase in the components is reduced, increasing their reliability and
reducing the size of the radiators [11].



The DC/DC converters are operated in Continuous Conduction Mode (CCM) or Discontinuous Conduction
Mode (DCM). In CCM, the current ripple in the inductor is smaller, reducing the core losses, and reducing
the conduction losses in the switch, diode, and output capacitor. However, the inductor required is larger,
increasing the winding resistance thus the conduction losses [11, 12]. In DCM, the switch turns on at zero
current and without diode reverse recovery current, which reduces the switching losses [13]. However,
the inductor current ripple is increased, increasing the conduction losses in the switch, diode, and output
capacitor, as well as the core losses in the inductor [14, 15]. Thus, it is non-trivial which mode of operation
results in the most efficient PES.

In this thesis, the design of the PES is developed with the primary objectives of achieving a high level of ef-
ficiency, and the integration of redundancy measures to address the challenging environmental conditions
present on the lunar surface, while keeping the size of the system small. The research delves into the im-
pact of the bus voltage on system size and efficiency, as well as the impact of the operational modes of the
DC/DC converters on system efficiency, with the overall goal of optimizing efficiency levels. Furthermore,
the design is verified using simulations in Matlab Simulink and LTspice.

1.1 Research Objectives

The focus of this thesis is to design the PES of the Lunar Zebro rover and verify the design with a prototype.
Because this thesis is design-oriented, three research questions are composed which together result in a
system that is compact, efficient, and includes redundancy. The first step of the design is determining the
topology of the PES. The DC bus voltage determines the topology and DC/DC converters required, which
in turn affects the size, weight, and efficiency of the system. This gives rise to the first research question:

1. How can the DC bus voltage be selected such that it results in the most efficient and compact system?

Two bus voltages are compared. The efficiency of each DC/DC converter is modelled, as well as the system
efficiency during deployment of the rover. In this way, the DC bus that results in the highest efficiency is
obtained. The mode of operation of the DC/DC converters also influences the design and efficiency of the
converters. This results in the second research question:

2. What mode of operation (CCM or DCM) should the DC/DC converters be operated in to obtain the highest
efficiency?

By modelling the efficiency in CCM and DCM the mode of operation resulting in the most efficient system
is determined. The PES is the most critical system of the rover. Therefore, redundancy should be included
in the design. However, redundancy increases the size of the system. The size of the system should be
as small as possible for two reasons. Firstly, size constraints inside the rover limit the PCB size. Secondly,
sending 1 gram to space costs approximately €1000. Thus, sending more and larger, heavier components
to space increases the cost significantly. The final research question is therefore:

3. How can the system be made redundant while minimising the additional footprint required?

1.2 Thesis Outline

The thesis is structured as follows. First, in Chapter 2 background information is provided, giving an
overview of the effects of radiation on PECs, together with DC/DC converter topologies considered for
the PES. Next, Chapter 3 compares the efficiency of two bus voltages based on the design of single-phase
DC/DC converters to obtain the bus voltage that results in the most efficient system. Then, different re-
dundancy methods and their corresponding increase in size and component count are compared in Chap-
ter 4. This is followed by the design of the PES using interleaved converters in Chapter 5, together with
solutions to technical challenges that come to play for realising a functional prototype. In Chapter 6 the
controllers of the DC/DC converters and their implementation on the microcontroller are developed. These
controllers are required for stabilising the output voltages under fluctuating loads and for Maximum Power
Point Tracking (MPPT) of the solar panel. Next, in Chapter 7, a simulation model of the complete PES is cre-
ated to verify the operation and analyze the performance of each converter when operated simultaneously.
Chapter 8 provides the experimental results on the developed prototype, verifying both steady-state oper-
ation and dynamic operation of the PES. Finally, Chapter 9 gives the conclusions and recommendations
for future work.



Chapter 2

Literature Review

2.1 Cosmic Radiation and Power Electronic Components

It is generally known that cosmic radiation can be responsible for early failure in PECs [6]. Depending on
the radiation profile the rover encounters, measures must be taken in the design of the PES to maintain
full functionality during the mission. The three types of radiation damage are Total lonising Dose (TID),
Displacement Damage (DD), and Single Event Effects (SEEs) [16]. TID and SEEs are caused by ionising
radiation, while DD is caused by non-ionising radiation [17]. The susceptibility to radiation depends on
the type of device, (e.g. Metal-Oxide-Semiconductor Field-Effect Transistor (MOSFET) or Insulated Gate
Bipolar Transistor (IGBT)), the technology used (e.g. Silicon (Si) or Silicon Carbide (SiC)), and the structure
of the device (e.g. planar vertical MOSFET or lateral MOSFET) [18—21].

Both during spaceflight and on the moon high amounts of radiation are encountered. This significantly in-
creases the probability of early failure of PECs if no countermeasures are taken. It must therefore be known
what the effects of radiation on PECs are and which devices are most radiation proof. In this chapter, the
susceptibility of each PEC to radiation damage and the corresponding effects are compared. This is done
for Bipolar Junction Transistors (BJTs), Si IGBTSs, Si and SiC MOSFETSs, Gallium Nitride (GaN) Field Effect
Transistors (FETs), and finally Si and SiC power diodes. First, some basic terminology about radiation is
explained.

2.1.1 Quantifying Radiation and Radiation Encountered on the Moon

Radiation is usually expressed in rads or Gray (Gy), where 1Gy = 100 rads. The amount of radiation that
passes a surface for a standard unit of time is called flux. Finally, fluence is the amount of radiant-energy
particles incident on a surface in a given time, divided by the surface. Linear Energy Transfer (LET) is an
indicator of the effects of radiation on matter. It is defined as the rate of energy deposited to a material
by ionisation due to a particle that travels through this material [22]. The LET of the material determines
the amount of electron-hole pairs created inside the material [23]. Higher energy ions will penetrate deeper
into the material for a given LET, resulting in more generation of electron-hole pairs [24].

Radiation can consist of Electromagnetic (EM) or particle radiation, and can either be ionising or non-
ionising. lonising radiation contains enough energy to remove an electron from a molecule [4]. Particle
radiation consists of protons, neutrons, beta particles (electrons), alpha particles, and heavy ions [4, 25].
Only ultraviolet, gamma and X-rays are ionising of the EM radiation, while all particle radiation is ionising.
The origin of the radiation is both from the sun and from Galactic Cosmic Radiations (GCRs). The moon
has no magnetosphere to deflect or trap charged particles. Additionally, it has no atmosphere to create
secondary radiation and to provide attenuation of the incident radiation [22]. Therefore, the radiation en-
countered origins from the sun and GCRs. However, compared to free space, the moon blocks almost half
of the GCRs when on the surface [22].

2.1.2 Total lonising Dose

TID is defined as the energy absorbed in a material with a unit mass that originates from the energy de-
posited by ionising radiation [26]. Charges are trapped into the dielectric of a device and electron traps are
created [27]. This alters the threshold voltage and increases the drain-source and gate leakage currents
Ips and I, and can eventually lead to failure [16, 28]. MOSFETs and IGBTs with a dielectric consisting of
Silicon Dioxide (Si0-) have the same mechanism for TID, which is explained in more detail in Appendix A.1.



BJTs

BJTs are sensitive to TID [17]. The base leakage current increases significantly, the collector leakage cur-
rent increases slightly, and the gain decrease significantly when exposed to doses of 20 krad [29]. Oxide
trap charges at the oxide layers near the base-emitter junctions and interface traps at the Si-SiO inter-
face result in an increased recombination rate, hence an increase of the base leakage current [30]. The
decreased gain is a result of the increased base leakage current [30, 31].

MOSFETs

Despite the fact Si and SiC MOSFETs have the same gate insulator (Si0-), SiC devices have a higher TID
tolerance than Si devices [32]. This is because SiC has higher ionisation energy than Si, meaning that fewer
electron-hole pairs are generated for an incident particle with the same energy. Thus, SiC has fewer TID
effects [32]. It is shown that SiC MOSFETs show no degradation of the threshold voltage for doses up to
several hundred krad [33, 34]. On the other hand, Si devices show degradation of the threshold voltage
at doses larger than 10 krad [35]. Further, the drain-source leakage current of Si devices is increased by
2 orders of magnitude after exposure to 20 krad. This is because the threshold voltage is significantly
reduced due to the positive trapped charge in the channel, therefore the channel is partially turned on [36].

IGBTs

Similar to SiMOSFETSs, Si IGBTs are susceptible to a shift in the threshold voltage, as well as an increase
of the leakage currents after several tens of krad [37]. When the gate is biased, the gate leakage current
increases slightly, while the collector current increases rapidly for this dose. When the gate is unbiased,
however, the leakage currents are barely affected [38]. The reverse blocking leakage current is more radi-
ation resistant and is only affected after several hundreds of krad [38, 39].

GaN FETs

GaN Enhancement mode High Electron Mobility Transistors (E-HEMTSs) are not susceptible to TID [40].
This can be accounted for by the fact that they do not have an SiO, gate insulator [41]. Nonetheless, a
positive shift in the threshold voltage is observed after heavy irradiation. Also, a permanent increase of the
leakage current occurs which can destroy the device. However, this is due to SEEs and not due to TID [41].
The increase in threshold voltage is due to trapping of charges in the GaN buffer region and at the Al-GaN
surface. These effects start to occur after doses larger than 100 krad [28].

Diodes

Diodes do not have a gate oxide, and therefore diodes do not suffer from the aforementioned mechanism.
The damage done due to radiation is classified into DD.

2.1.3 Displacement Damage

DD creates defects in the semiconductor lattice due to collisions with energetic electrons, protons, neu-
trons, or heavy ions [28]. These collisions knock out atoms in the semiconductor lattice and create defects.
These defects alter the carrier mobility and create carrier traps, which degrade the electrical properties of
the semiconductor until the point it results in failure [16, 17, 42]. The displacement energy threshold of the
device determines the susceptibility to this damage [43]. SiC has a larger displacement energy threshold
around 25eV [44]. Si has a displacement energy threshold around 14 eV [45, 46]. Thus, SiC is more robust
to DD than Si in general [47].

BJTs

BJTs are sensitive to DD. Due to the defects created, changes in the free carrier properties are produced.
Because the BJT is a minority carrier device, DD quickly results in altering of the electrical properties [17].
The primary action of the BJT is due to the concentration of minority carriers in the base and emitter-base
depletion region. Defects increase the base current required for a given collector current causing gain



degradation. PNP devices are more sensitive to DD than NPN devices, as the doping in the base is much
lower for PNP devices [17].

MOSFETs

Compared to BJTs. MOSFETs are relatively robust to DD. This is because they are majority carrier devices,
thus more defects are required before altering the device properties. Additionally, because the channel is
the active region and is thin, it requires a lot of radiation before this region has enough defects to alter
its properties [17]. SiC has higher energy required for ionisation and defects, thus is more suitable than Si
regarding DD [47].

IGBTs

Since IGBTs are made from Si, they are more susceptible to DD than SiC MOSFETs. Additionally, they are
majority carrier devices, thus are more robust to DD than BJTs.

GaN FETs

GaN has a displacement energy around 19 eV [46]. Therefore, they more radiation hardened than SiMOSFETs
and IGBTSs, but less radiation hardened than SiC MOSFETs [28]. Furthermore, because they are majority
carrier devices, they are not susceptible to DD [41].

Diodes

The threshold voltage of Si and SiC PiN and Schottky diodes is barely affected by radiation exposure [48].
However, the on-state voltage drops increases. The increase of voltage drop is caused by the decrease
of electron and hole concentration, which increases the drift region resistivity [48, 49]. Schottky diodes
are majority carrier devices, while PiN diodes are minority carrier devices. Hence, Schottky diodes are
more robust than PiN diodes to DD. It is shown that Si devices are more robust to the increase of forward
voltage drop than SiC, devices because the forward voltage drop start increasing for larger fluences [48].
On the other hand, SiC devices show an increase in breakdown voltage, while Si devices show a decrease
in breakdown voltage [50]. Thus, SiC Schottky diodes are more robust against degradation until failure but
become less efficient while conducting compared to Si Schottky diodes.

2.1.4 Single Event Effects: Single Event Gate Rupture and Dielectric Rupture

Single Event Effects (SEEs) can be destructive or non-destructive. Non-destructive SEEs are called Single
Event Transients (SETs), which in turn consists of Single Event Upsets (SEUs), Single Event Latchups
(SELs), and Single Event Functional Interrupts (SEFIs). These events are temporary and recovery is possi-
ble. SETs can result in a measurable current small enough not to damage the device, a bit flip, and data
corruption [17]. The latter two can be circumvented by using error correction code.

Destructive SEEs include Single Event Burnout (SEB), Single Event Gate Rupture (SEGR), Single Event Di-
electric Rupture (SEDR), and Single Event Leakage Current (SELC). Each can cause permanent damage or
can destroy the component [16]. Each of these will be discussed in more detail, as the reliability of the PES
depends mainly on destructive SEEs.

A SEGR can occur when a heavy ion hits the neck region of the device. The neck region is defined as the
epitaxial area directly under the gate oxide between the p-body regions [18]. The electrons drift towards the
drain, and holes accumulate at the Si/SiO, interface. These holes attract electrons at the gate, increasing
the electric field in the gate oxide. If the sum of this induced electric field and the field created due to the
applied gate voltage exceeds the critical field of the gate oxide, the oxide breaks down resulting in a short
circuit [17, 27). This effect can occur for any device containing a dielectric, for example capacitors, and is
then called SEDR. The oxide thickness is most important for determining the susceptibility of a device to
SEGR. The damage induced increases with an increasing voltage applied as well as with an increasing LET
[51]. A SEGR or SEDR increases the dielectric leakage current and can destroy the device [18].

Si MOSFETs are more susceptible to SEGRs than SiC MOSFETs. This is because the sensitive volume,
which is defined as the active die area multiplied by the drift layer thickness, is larger [33]. Because GaNs



have no gate oxide, no SEGR occurs for these devices. However, a similar phenomenon occurs, which is
described in Section 2.1.6. Similarly, diodes have no gate oxide and thus show no SELC.

2.1.5 Single Event Effects: Single Event Burnout

In general, after the SEB threshold voltage is reached, the rate of failure of PECs increases exponentially
with an increasing blocking voltage [20, 52, 53]. The threshold voltage depends on the technology used, for
example a SiC MOSFET has a lower SEB threshold voltage than a Si MOSFET [16, 54]. When a heavy ion
travels through a switch that is in blocking state or through a reversed biased diode, it induces nuclear spal-
lation reactions that frees electrons along the path it travels. This creates electron-hole pairs, and results
in highly localised currents [6]. These currents in turn results in a highly localised increase in temperature,
which depends on the amount of current generated as well as the bias voltage that is applied. During a
SEB, this temperature reaches a critical value that destroys the device. The exact mechanism that triggers
the SEB depends on the device and will be discussed next.

BJTs

Electron-hole pairs are generated when an ion hits the BJT. In [55] is discussed that these electrons and
holes flow in opposite ways and the emitter-base junction becomes forward biased. Electrons are injected
from the emitter, increasing the current density and electric field. If this electric field reaches the critical
value for the avalanche multiplication effect, additional electron-hole pairs are generated which results in
overheating and destruction of the device. The SEB threshold voltage is larger for BJTs with a thicker
epitaxial layer and lighter base doping. Further, they show that the SEB threshold ranges from 10% V¢ rated
to 50%VCE,rated [55]-

IGBTs

In [52] is shown that when incoming heavy ions travel through the high electric field region of the IGBT when
itisin blocking state, a shift in the electric field inside the device occurs. This shift causes impact ionisation,
which ultimately results in latch-up of the parasitic thyristor during a SEB. A more detailed explanation of
the mechanism is given in Appendix A.2.1. Si IGBTs are susceptible for SEBs, and failure starts occurring
at bias voltages of Vps = 10%Vps ated [56]-

MOSFETs

The mechanism of a SEB in Si MOSFETSs is due to activating the parasitic npn transistor (latch up), or due
to directly going into second breakdown [52]. Secondary breakdown is explained in Appendix A.3.2. The
main mechanism of SEB in SiC MOSFETSs is due to the shift in the electric field and the punch-through in
the n+ source diffusion region, not due to the parasitic npn transistor action [57]. This is similar to a SiC
diode [20]. A detailed description of the mechanism is given in Appendix A.2.2.

For both Siand SiC, the occurrence of a SEB depends on the Vps applied as well as the LET of the radiation.
Alarger LET means a SEB may occur at a lower Vps. Sidevices are more susceptible for SEBs at LET values
larger than 20 MeV- cm?2/mg, and SEBs occur at 25% of their rated Vps. SiC devices started to show SEBs
at 40% of their rated Vps for these LET values. However, they are more susceptible for SEBs at LET values
less than 20 MeV- cm?/mg [32]. Proton and neutron-induced SEBs also occur easier in Si than in SiC
[53, 58]. Another study found that SiC MOSFETS, when operated below 60% of their breakdown voltage,
outperform Si MOSFETSs [59]. Note that the previous discussion was for NMOS devices. P-channel Metal-
Oxide-Semiconductor (PMOS) devices do not suffer from SEB effects. This is because holes have a lower
impact ionisation coefficient than electrons, and because the parasitic transistor is less prone to turn on
[27, 60].

GaN FETs

Low voltage E-HEMTs have high SEB tolerances [61, 62]. It is shown that devices up to 300V can operate
up to 90% of Vpsrateg Without showing SEBs [40]. Therefore, GaN FETs are more robust to SEBs than Si
and SiC MOSFETSs, IGBTs, and BJTs [62].



Diodes

Unlike MOSFETs and IGBTSs, diodes do not have a parasitic transistor that can be the cause of a SEB.
Therefore, the voltage at which a SEB occurs is higher for diodes. The cause of destruction due to radiation
in Si power diodes is similar to secondary breakdown [52]. A detailed description of the mechanismis given
in Appendix A.2.3.

It is expected that SiC devices have a lower susceptibility to SEBs than Si diodes because of their wide
bandgaps and high critical electric fields [63]. For a SiC Schottky and PiN diode, SEBs start to occur at 40%
of their rated operating voltage [32, 54]. However, Si Schottky diodes show no SEBs at voltage up to 50%
of their rated value [32]. Thus, Si diodes are more robust to SEBs than SiC diodes. Additionally, the 1200V
Si CAL diode showed no failure up to its rated voltage and is even more robust [6, 59].

2.1.6 Single Event Effects: Single Event Leakage Current

Beside SEBs, SiC devices show SELCs. Only SiC devices have shown SELCs, while Si devices do not show
this behaviour. The SiC lattice is damaged, which creates a permanent increase of the leakage currents in
the device. SELC is different from DD, as it is caused by ionised charge in electric fields [16, 32, 47].

MOSFETs

SELC results in a permanent increase of the gate and drain leakage current. This effect increases with
increasing heavy-ion fluence, as well as with increasing Vps. For increasing Vpg, after reaching a threshold
voltage, the gate and drain leakage currents are increasing linearly with the fluence. After reaching a second
threshold voltage, the drain leakage current starts increasing exponentially with the fluence with some
saturation behaviour, while the gate current keeps increasing linearly with the fluence [58]. This is similar
to SiC diodes and is caused by Joule heating [47]. SiC shows degradation of the gate and drain leakage
current for low bias voltages. It is shown that for a Vps < 10%Vpsated the gate and drain leakage are
increased [32].

Diodes

Similar to SiC MOSFETSs, SiC diodes also show SELC where their leakage current permanently increases
[32]. Due to the temperature increase when hit by radiation, the semiconductor and metal at the Schottky
interface are mixed, which causes the increase of the leakage current [19]. It is shown that Schottky SiC
diodes start to degrade at 20% of their rated voltage, both for neutrons and heavy ions [16, 54].

GaN

Despite that GaN has no SiC, a phenomenon occurs that is similar to SEGR and SELC. This effect occurs
in the intermetallic region between the drain and the source, and results in a permanent increase of the
leakage current. This phenomenon can be contributed to impact ionisation, however, the exact mechanism
is not known [61]. The leakage current increases rapidly after Vos > 50%Vps rateq fOr devices rated larger
than 200V [16, 64]. For devices rated to 40 V, no increase of the leakage current is observed [41]. GaN FETs
are more robust to this increase in leakage current than SiC MOSFETS, IGBTs, and BJTs [62].

2.1.7 Radiation Hardened Si Devices

There are a couple of radiation hardening techniques for TID and SEEs that are used by manufacturers for
radiation-hardened Si devices.

TID

By reducing the gate oxide thickness, the susceptibility to TID is reduced. With a reduced oxide thickness,
fewer charges can be trapped. Therefore, the shift in the threshold voltage is lower. Reducing the oxide
thickness comes at the cost of increased susceptibility to SEGR [65].



SEGR

Since the neck region is the sensitive region of a MOSFET for SEGR, one method is to reduce the width
of the neck region [19, 32]. Another SEGR hardening technique is to add an additional oxide region above
the neck region of the MOSFET. This local oxidation silicon layer (LOCOS) reduces the on-resistance and
increases the SEGR threshold voltage [66].

SEB

One method to improve the SEB tolerance is to add an additional n~ buffer layer [18-20]. This increases
the breakdown voltage and changes the electric field distribution. However, this additional buffer layer
increases the on-resistance of the device. This can be done for all device types [52]. For MOSFETs and
IGBTSs, other methods are focused on optimising the parasitic bipolar transistor region to prevent latch
up. Factors that are optimised include the doping and layout of both the source and p-body region [18].
This comes at the cost of reducing the electrical performance of the device, such as an increase in on-
resistance. Finally, shielding the device using for example gold, copper, or nickel will reduce the generated
electron-hole pairs inside the device [66].

There are radiation-hardened Si MOSFETSs available that can withstand TID doses up to TMrad. Further-
more, these devices are SEE hardened [67]. For these devices, the Safe Operating Area (SOA) for radiation
with different LETs and energies is specified. Using this data, it is ensured that little degradation occurs
within the specified dose, as well as no SEEs within the specified gate and drain-source voltages. Similarly,
there are radiation hardened GaN devices available with the aforementioned data available.

2.1.8 Passive Components

Not only do semiconductors degrade when exposed to radiation, but passive components as well. The
influence of radiation on resistors and capacitors is discussed briefly.

Resistors

Radiation effects on metal film resistors are minimal. It is shown that the resistance value reduces by less
than 2% when exposed to 180 krad [68]. Space grade resistors are usually tantalum nitride on silicon, used
for communication systems, or nichrome and tin oxide on alumina cores, used for power supplies [69]. If
a resistor fails, it fails as an open circuit [70].

Capacitors

Change in the spacing of the plates of the capacitor due to radiation causes a change in capacitance.
Organic materials create the most change in spacing and result in the largest change in capacitance. They
swell and produce gas that builds up pressure inside the capacitor [71]. Capacitors also suffer from TID, as
they have a dielectric material that can accumulate charge. Due to ionisation, the insulation property of the
dielectric is degraded [71]. This results in a temporary increase of the leakage current, which disappears
when the exposure to radiation is stopped [72]. Finally, capacitors also show SEDR, which is similar to
SEGR in MOSFETs. When a heavy ion hits the dielectric, electron-hole pairs are created. This induces an
electric field. If the combination of this induced electric field and the electric field created due to the applied
voltage exceeds the breakdown voltage locally, SEDR has happened. This results in a permanent increase
of the leakage current [72]. If the dielectric is severely damaged, a short circuit is created. Thus, a failed
capacitor can act as an open circuit or as a short circuit [70]. Space grade capacitors used are ceramic,
tantalum, aluminium, and plastic film capacitors [69].

2.1.9 Comparison Radiation Hardness of Semiconductors

From the previous discussion, the type of semiconductor that is the most radiation-hard can be chosen.
This device will result in the highest reliability of the PES in the radiation environment during the mission.
The radiation hardness of the switches and diodes is compared.



Switches

An overview of the radiation effects on each of the switches discussed, together with typical dose rates
and bias voltages, is given in Table 2.1.

Table 2.7: Overview of the Total lonising Dose (TID), Displacement Damage (DD), and Single Event Effects
(SEEs) on BJTs, MOSFETs, IGBTs, GaN FETs, and rad-hard Si MOSFETs

TID DD SEE
Leakage Threshold Sensitivity | Effects SEGR SEB SELC
current shift sensitivity
Starts
Increases between
BJT significantly - High [17] S:lr;adation - ;%jj i?d -
at 20 krad [29] 9 °
VCE,rated
(55]
si et - | ot doman Starts at
MOSFET | magnitude larger than Low [17] i Medium [33] [QSS?VDS“M i
at 20 krad [36] | 10 krad [35]
sic Ss tiegéisragllon Starts at Starts at
MOSFET See SELC hundred krad Very low [47] | - Low [33] éog)VDs’rated [130§>VDS,rated
[33] [34]
Irgcngsaef aDte gcr)asiastgcn Increase in Starts at
Si IGBT pidly Low [49] forward Medium [18] | 10%Veeraeq | -
several tens several tens voltage dro [56] !
of krad [37] of krad [37] 9 P
ggggaﬁz?o; at Starts at Starts at
GaN FET | See SELC g Very low [41] | - Very low [61] | 90%Vbsrated | 50% Vosrated
than 100 krad
[40] [16] [64]
[28]
No significant | Small
Rad-hard | increase upto | degradation Starts at
Si several at several Low [17] - Low [66] 50%Vosrated | -
MOSFET | hunderds of hunderds of [18]
krad [65] krad [65]

In general, Si devices are more vulnerable to threshold voltage shifts and to permanent degradation of the
gate and drain leakage due to TID. Significant change occurs at doses of 20 krads. On the other hand, SiC
MOSFETSs and rad-hard Si MOSFETs are less susceptible to these TID effects, and can withstand several
hundreds of krads. However, SiC MOSFETs are more vulnerable to permanent degradation of the gate and
drain leakage currents due to SELC, which starts at low bias levels of 10%Vpsrateq- Finally, IGBTs have the
worst SEB hardness, where SEBs start at 10%Vig rated- Si MOSFETS show SEBs at 25%Vps rated, While SiC
MOSFETSs at 40%Vps rateq- BJTS show SEB between 10% and 50% of Vig rated, depending on the base doping
and epitaxial layer width. Rad-hard Si has the largest SEB hardness, where SEBs start at 50% Vs ated- ThUS,
rad-hard Si MOSFETs show the most radiation hardness of all Si-based devices, as they have the largest
TID hardness, the highest SEB threshold voltage, and show no SELC.

Comparing GaN FETs and rad-hard Si MOSFETs, GaN FETs suffer less from TID effects because they have
no gate oxide. Furthermore, because of the higher displacement energy of GaN, these devices also suffer
less from DD. They also have large resistance against SEB, which starts at 90%Vpgateq- The only radiation
effect they are susceptible to is SELC. However, devices rated to 40V show no SELC, only a positive shift
in threshold voltage. Therefore, GaN FETs are the most radiation-hard switches.

Diodes

In Table 2.2, an overview of the radiation hardness of the diodes is given.



Table 2.2: Overview of the DD, and SEEs on Si and SiC PiN and Schottky diodes

DD SEE
Sensitivity | Effects SEB SELC
Increase in forward voltage drop
Si Schottky diode Low at larger fluences, decrease in Starts at 50% Viated | _
[17] (48] [32]
breakdown voltage
) Increase in forward voltage drop
Si PiN diode High at larger fluences, decrease in Starts at 50%Veteq | _
[17] [48] (32]
breakdown voltage
Increase in forward voltage drop
SiC Schottky diode very low at lower fluences, increase Starts at 40%Viateq | Starts at 207%Visted
[17] [48] . [32] [16] [54]
in breakdown voltage
) Increase in forward voltage drop
SiC PiN diode Medium at lower fluences, increase Starts at 40%Viareg | Starts at 20%Viareq
[17] (48] ; [32] [16] [54]
in breakdown voltage

Just as with Si switches, Si diodes are more vulnerable to TID effects than SiC diodes, but less vulnerable
to SEBs. Schottky diodes are less susceptible to TID effects than PiN diodes because they are majority
carrier devices while PiN diodes are minority carrier devices. Si diodes show better efficiency over time
during exposure but have a reduced blocking capability. Finally, SiC also show SELC at low bias voltages
of 20%V;4teq- Thus, Si Schottky diodes are the most radiation hardened diodes, as they have the largest TID
hardness, highest SEB threshold voltage, and show now SELC. However, they should be derated to more
than 50% to show no SEBs, accounting for the reduced breakdown voltage.

2.2 DC/DC Converter Topologies

The PES contains multiple DC/DC converters. There will be one bidirectional converter connected to the
battery, multiple buck converters for the outputs, and either a boost or buck-boost converter connected at
the Photovoltaic (PV) panel. In this chapter, different topologies of the aforementioned DC/DC converters
are compared. Only hard-switching topologies are considered. No isolated topologies are considered for
two reasons. First, the voltages are low enough that they do not pose danger to human interaction. Second,
isolation requires bulky transformers. Finally, the advantages and disadvantages of operating the DC/DC
converters in CCM and DCM are compared.

2.2.1 Hard Switching and Soft Switching

DC/DC converters can either have hard switching or soft switching. With hard switching, switching losses
occur due to the overlap of non-zero voltage and current during the switching transient. This introduces
more Electromagnetic Interference (EMI) than with soft switching due to large di/dt and dv/dt [73, 74].
On the other hand, less reactive components are required and the design is less complicated. Many soft-
switching topologies exist [73-80]. They can be divided into Quasi Resonant Converters (QRCs), Multi
Resonant Converters (MRCs), Resonant Power Converters (RPCs), and Resonant Transition Converters
(RTCs). Compared to single-phase converters, QRCs require the least amount of additional components
of all soft-switching topologies, having two additional passive components. Since the design should be
as compact as possible, only hard switching topologies are considered. Furthermore, GaN switches have
low switching losses compared to other switch types [81]. Hence, the need to reduce the switching losses
becomes less apparent.

2.2.2 Single-Phase Converters

Single-phase converters have as advantage that they require the least amount of components. The single-
phase buck, boost, and buck-boost converters require a single switch, diode, inductor and capacitor. The
bidirectional converter requires two switches and two diodes, as well as an inductor and capacitor. Figure
2.1 shows the topologies of the single-phase buck, boost, buck-boost, and bidirectional converters. The
disadvantage of these converters is that soft switching is not possible over their complete operating range.
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When operated in CCM, the switch turns off at non-zero current. Only when operated at Boundary Conduc-
tion Mode (BCM) or DCM, Zero Current Switching (ZCS) can be achieved because the switch current is zero
when turned off. For all three operating regions, Zero Voltage Switching (ZVS) can not be achieved. On the
other hand, the peak voltage and current stress on the switch and diode are lower compared to the soft
switching topologies. Other single-phase buck-boost topologies, such as the Cuk, SEPIC, and Zeta con-
verters, are not considered. Each of these converters requires two additional passive components while
their control complexity is increased [82-86).
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(a) Buck converter. (b) Boost converter.
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(c) Buck-boost converter. (d) Bidirectional converter.

Figure 2.1: Single-phase converters.

2.2.3 Interleaved Converters

An interleaved converter has multiple channels of a single-phase converter in parallel. Each channel con-
sists of the switch, diode, and inductor of the corresponding single-phase converter. Further, each channel
should be identical to the other channels to share the current equally. The topology of a two-phase inter-
leaved buck, boost, buck-boost, and bidirectional converter is shown in Figure 2.2.

The main advantage of interleaved converters is that the current is shared equally among the channels.
This results in a reduction of the conduction losses in the switch, diode, and inductor. Therefore, the effi-
ciency of the converter is increased [87]. Furthermore, the required inductance and capacitance are lower
than for single-phase converters. Due to the current sharing, the peak values of the input and output cur-
rent ripples are reduced, as well as the input and output voltage ripples [88]. Because of the parallel, phase-
shifted operation, the multiplicity of the input and output ripples is increased, increasing the frequency of
these ripples by N [87, 89]. Here, N is the number of parallel phases. Finally, the transient response is in-
creased, the EMI is reduced, and the reliability of the converter is increased [90-93]. When a failure occurs
in a channel, the other channel can still provide power provided that the components in a single-phase
can handle the current. The disadvantage of interleaved converters is that more components are required,
making the system more expensive.

Interleaved converters are preferred over their conventional counterparts. They have increased efficiency,
reduced current and voltage ripples, better transient response, and lower EMI. Finally, they have improved
reliability. By ensuring that both channels can handle the maximum output current, one channel alone can
still power the load when the other channel fails. This comes at the cost of increased component sizes
to handle the full output current instead of half. Because reliability is of utmost importance, interleaved
converters are most suitable in terms of reliability, efficiency, size, cost, and complexity.
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Figure 2.2: Interleaved converters.

2.2.4 Mode of Operation of the DC/DC Converters

The DC/DC converters can be operated in CCM, BCM, and DCM. When operated in CCM, the inductor
current never goes to zero during a switching period Ts. At BCM, the inductor current reaches zero exactly
at time Ts. With DCM, the inductor current reaches zero before T, and remains zero until 7.

Usually, converters are operated at CCM to obtain high power densities [94]. In this way, the conduction
losses at typical load currents are minimised. However, the switching losses are higher than for BCM
and DCM. When switching on, the inductor current is non-zero. Thus, the switch is turned on at non-
zero current, resulting in switching losses. Furthermore, the diode is still conducting prior to switching
on. Therefore, the reverse recovery current of the diode flows through the switch, creating additional turn-
on switching losses in the switch. Operating at BCM or DCM do not suffer from these losses [13, 15].
Furthermore, the current ripple is smaller in CCM, resulting in smaller Root Mean Square (RMS) currents.
This reduces the conduction losses in the switch, diode, and capacitor, as well as the core losses [14, 15].
However, the inductor required is larger, increasing the winding resistance thus the conduction losses in
the inductor [11, 12].

Another disadvantage of CCM is that the transfer function of boost and buck-boost topologies has a right
half plane zero [12, 95]. For example, when the load current increases suddenly for a boost converter, the
output current of this converter must increase. However, due to the right half plane zero, the output current
is decreased initially. Only after a couple of switching cycles, the output current is increased. This problem
can be alleviated by reducing the controller bandwidth, which results in a slower transient response. This
right half plane zero is not present in the transfer function when operated at DCM.

Operating in DCM results in a smaller inductor. The size of the capacitor must therefore be increased to
obtain the desired voltage ripple and cutoff frequency. The equation of the cutoff frequency of the output
filter of the DC/DC converters is given in (2.1).

= 1
< 27V LC

It is desired to have a large capacitance instead of a large inductance for two reasons. First of all, a large

2.7)
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inductor results in more windings, resulting in a higher DC resistance so more conduction losses. A larger
capacitance does not suffer from increased conduction losses. Secondly, more energy is stored in the
converter when the load current is zero. This energy can be used during transients from no-load conditions
to load conditions.

To summarise, DCM has the following advantages:
+ Reduced turn-on switching losses due to ZCS and due to the absent of reverse recovery of the diode.
+ Smaller inductor required.
+ Reduced inductor conduction losses due to reduction of inductor windings.

- No right half plane zero in the transfer function of boost and buck-boost topologies, improving the
transient response.

- Large capacitance, increasing the energy stored in the converter at no load.
DCM has the following disadvantages:

+ The current ripple is larger than for CCM, resulting in more core losses in the inductor as well as more
conduction losses in the switch, diode, and capacitor.

+ The current rating of the components must be larger due to the increased RMS currents.
+ The saturation current of the inductor must be larger.

It is non-trivial which mode of operation results in the most efficient system. Therefore, one of the research
objectives is to compare the efficiency of the PES operating the DC/DC converters in CCM and DCM. This
will be discussed in detail in Chapters 3 and 5.
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Chapter 3

Design of the Optimal DC Bus Voltage

The value of the DC bus voltage will influence the design and efficiency of the Power Electronic System
(PES). It will determine the topology of the PES, the type of DC/DC converters required, the voltage rating of
the components, the efficiency of each DC/DC converter, as well as the system efficiency during operation.
Two bus voltages are considered: a bus voltage of 12V and 24 V.

First, in Section 3.2, the specifications of the PES together with its topology for the two different bus volt-
ages are presented. Second, the design of the single-phase converters, as well as the influence of the bus
voltage on the design, is covered in Section 3.2. Next, Section 3.3 gives an overview of the specifications
and the resulting designs of each converter. This is followed by an analysis of the losses in the converters
in Section 3.4. Then, an estimation of the losses during operation is given in Section 3.5. Finally, Section
3.6 gives a summary and the most efficient bus voltage is selected.

3.1 Comparison Topology 12 V and 24 V DC bus

A bus voltage of 12V and 24V is considered only, because the voltage of the battery pack varies between
13.5V and 21V. Thus, a bus voltage in between this range results in a bidirectional buck-boost converter.
This is undesirable, because a buck-boost converter results in larger voltage stress, thus more losses than
a buck or boost converter [96]. The core hardware of the PES consists of the following sub-systems:

- The battery pack, consisting of five Panasonic NCR18650B batteries in series having a voltage be-
tween 13.5V and 21V.

- The PV panel, capable of generating 20.9 W on the moon at Maximum Power Point (MPP) voltage
Vinpp ~ 15.14V and MPP current Iy = 1.38 A,

- The bidirectional converter connected to the battery pack, controlling the charging and discharging
of the battery pack.

+ The DC/DC converter for MPPT of the PV panel.

- The 48 W buck converter that regulates the 12V output.

+ The 20 W buck converter that regulates the 5V output.

+ The 13.2 W buck converter that regulates the 3.3V output.

These systems together ensure all subsystems in the Zebro rover can be powered and the battery pack
can be charged from the PV panel.

3.1.1 12V bus

The topology of the PES using a 12 V bus is shown in Figure 3.2. With a 12V bus, the bidirectional converter
always operates in buck mode when discharging the batteries. No DC/DC converter is required for the
12V output. The 12V output is regulated by the bidirectional converter. However, a buck-boost converter
is required for the PV panel. Because the voltage of the PV panel ranges from 0V to 16.14V while the
bus voltage is 12V, it should be able to step-up or step-down the voltage to achieve MPPT. A buck-boost
converter has larger voltage stress than a buck or boost converter, therefore resulting in more losses [96].
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3.1.2 24Vbus

The topology of the PES using a 24V bus is shown in Figure 3.1. Discharging the batteries results in boost
operation of the bidirectional converter. One of the advantages is that a boost converter is required at
the PV panel instead of a buck-boost converter. Furthermore, the conduction losses in the DC bus are
reduced due to the increase of the voltage. However, a buck converter is required for the 12 V output which
introduces additional losses.
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Figure 3.1: PES topology using a 24V DC bus. Figure 3.2: PES topology using a 12V DC bus.

The biggest advantage of the 12V bus topology is that there is no 12V buck converter required. This
reduces the losses corresponding to the 12 V output. Furthermore, the amount of components is reduced,
reducing the cost, size, and weight of the system. However, more losses occur in the PV converter during
charging than for the 24V bus. Therefore, the losses in each DC/DC converter for both topologies are
calculated to see which topology results in the highest efficiency. This is done for CCM and DCM operation
of the converters for both bus voltages to determine which mode and bus voltage results in the highest
efficiency. In addition, the losses based on the usage profile of the rover are estimated for the two bus
voltages. The bus voltage and mode of operation that results in the lowest total losses will be determined.
The analysis is done for single-phase converters for simplification. It is expected that the results also hold
for the interleaved converters since they are a more efficient version of the single-phase converters [87].

3.2 Design Single-Phase DC/DC Converters

The design of the DC/DC converters for a 12V bus and 24V bus is discussed next. Each converter is
designed for CCM and DCM, where the design equations are derived from [73]. A switching frequency of
100 kHz is used in the analysis. To simplify the design, the following assumptions are made:

+ The switches, diodes, inductors, and capacitors are ideal.

- The output capacitor is large enough to maintain a constant output voltage.

3.2.1 Buck Converter CCM

The inductance that results in BCM is calculated using (3.7).

D(Vbus - Vo)

3.1
2Io,mmFs ( )

Lgcw =

Here, V5 is the output voltage, Vi the input voltage, Iomin = %AIL the minimum inductor current that
results in BCM, and F; the switching frequency. The duty cycle D is calculated using (3.2).
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Vo

D=
‘/bUS

(3.2)

The influence of the bus voltage and output current on the inductance required for the 5V buck converter
to operate in CCM is shown in Figure 3.3. The minimum inductance value required for CCM increases
by increasing the bus voltage. Therefore, the inductors for the buck converters using the 12V bus will be
smaller than for the 24V bus. Furthermore, the inductance required to operate in CCM increases when the
output current decreases. Thus, to limit the size of the inductance, Iomin=12.5%Iomax=0.5 A for all three
buck converters.

The minimum output capacitance required is calculated using (3.3).

Vo(1—=D) AL Iomin

= = 3.3
8LF2AV,  8F;AV, 4F; 33)

C’o,min >

Here, L is the value of the inductance used, AV, the desired output voltage ripple, and Al the inductor
current ripple. In CCM, A1 is independent of the load and depends on the inductance and bus voltage
used. Thus, for alargerinductance and fixed bus voltage, A, reduces and the required output capacitance
reduces. On the other hand, for a fixed inductance and larger bus voltage, Al increases thus increasing
the capacitance. When the BCM mode inductance from (3.1) is used, the resulting capacitance depends
on the value used for I min only.

Io min
Comin > — 34
o,min 4Fs ( )
Inductance to operate at BCM 4 DCM capacitance for AVo=1%Vo 200
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bus N Vbus V]

Figure 3.3: The inductance that results in BCM for the  Figure 3.4: Required capacitance in DCM for the 5V
5V buck converter. buck converter.

3.2.2 Buck Converter DCM

To operate in DCM, the inductance must be smaller than the BCM value from (3.1). The influence of the bus
voltage and output current on the inductance in DCM is also shown by Figure 3.3. However, this figure now
shows the maximum inductance required to operate in DCM. Thus, to operate in DCM for the complete
output power range, the inductance is calculated at the maximum output current I, max=4 A for all three
buck converters.

The minimum output capacitor required is calculated using (3.5).

Al — I\ [ L(AI - I) LI,
Comi DpenTs — ———— 3.5
o,min > < QAVO ) ( Vo + Dpcmd s Vbus — Vo ( )

Here, A1, is the inductor current ripple, I, the output current, L the value of the inductance used for DCM,
and Ty the switching time. Finally, Dpcy is the duty cycle in DCM, which is calculated using (3.6).
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2LP,Fs

—_— 3.6
Vbus(vbus - Vo) ( )

Dpem =

In DCM, the capacitance required depends on the load current. Figure 3.4 shows the output capacitance
required for AV,=1%V; as a function of the output current and bus voltage. The inductance for BCM is
used for each bus voltage and output current. Therefore, the capacitance does not depend on the input
voltage. The largest voltage ripple occurs at maximum load, hence (3.5) must be evaluated at I,=4 A.

3.2.3 Boost Converter CCM

For the boost converter, the inductance value depends on the input current. The inductance that results in
BCM is given by (3.7).

DV,
Looy = —— P 3.7
BeM 2Iin,minFs ( )

The input current and duty cycle are calculated using (3.8) and (3.9), respectively.
I

In = 1 _OD (3-8)

Vi
D=1-_- 3.9
‘/bUS ( )

For the boost converter, the input voltage is the voltage that is applied at the PV panel, and the output
voltage is the bus voltage. The input voltage that results in the minimum required inductance for CCM
operation is found from solving (3.10) for V;,, which results in V,, = 4 Vpus. This can also be seen in Figure
3.5, which shows the inductance that results in BCM as a function of the input voltage and current using
Vous=24 V. The inductance that results in BCM is maximum at V;,,=12 V. Figure 3.6 shows the inductance
that results in BCM as a function of the input current and bus voltage, using Vp, = 3 Vhus. Similar to the buck
converter, the larger the bus voltage, the larger the inductance required to operate in CCM. Furthermore,
the inductance required is maximum at minimum load current as well. The current ripple is set at 20% of
Tinmax to limit the inductance required, which results in BCM mode at an input current of I, & 239 mA.

dLcem
dVpy

—0 (3.10)
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Figure 3.5: The inductance that results in BCM forthe  Figure 3.6: The inductance that results in BCM for the
PV boost converter using Vp,s=24 V. PV boost converter using VpV=%VbUS.
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The minimum output capacitance required is calculated using (3.11).

DI,

—_— 3.1
AVI:)US-FS ( )

Oo,min >

For the boost converter, the output capacitance required depends on the load current, input voltage, and
output voltage. Figure 3.7 shows the output capacitance required for a 1% voltage ripple as a function of the
input voltage and current. Similar to the inductance, the capacitance required is maximum for V;,, = %Vbus.
Further, the capacitance required is maximum for maximum load current. The influence of the bus voltage
on the output capacitance required for a 1% voltage ripple is shown in Figure 3.8. Increasing the bus voltage
results in a lower capacitance required.

CCM capacitance for AVo=1%Vo CCM capacitance for AVo=1%Vo
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Figure 3.7: Capacitance for the PV boost converterin  Figure 3.8: Capacitance for the PV boost converter in
CCM using Vyys=24 V. CCM using Vipy=%Vius.

3.2.4 Boost Converter DCM

The influence of the input current and input voltage on the inductance for DCM is also shown by Figure
3.5. However, this figure now shows the maximum inductance required to operate in DCM. Thus, the
inductance should be calculated at the maximum load current to ensure DCM for all input currents. The
inductance reduces for smaller PV panel voltages until it becomes 0 pH. This implies that a limit must be
set for the PV panel voltage for the converter to start operating in DCM. This limit is set at 20% of Ppymax,
so at Vpy ~ 3 V. Thus, the converter operates in CCM when the PV panel generates less than 20% of Ppymax,
and in DCM when generating more than 20% of Py, max. The influence of the bus voltage on the inductance
required follows the same trend as in Figure 3.6. Thus, a lower bus voltage results in a lower inductance.

The minimum output capacitance required in DCM is calculated using (3.12)-(3.74).

L(AI - I,)*
Comin > 3.12
oM 2 AVius (Vous — Viv) (5812
D
Al = —D&QVDV (3.13)
S

2P, LF.
DDCM = \/VbjsV; (Vbus - va) (3-14)

pv

Figure 3.9 shows the influence of the PV panel voltage and input current on the output capacitance required,
using a bus voltage of 24 V. The output capacitance required is maximum when the PV panel generates
maximum power. In Figure 3.10, the influence of the bus voltage is shown. Similar to CCM, by increasing
the bus voltage, the output capacitance required is decreased.

18



DCM capacitance for AVo=1%Vo
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Figure 3.9: Capacitance for AV,=1%V, for the PV Figure 3.10: Capacitance for AV,=1%V, for the PV
boost converter in DCM using Vpys=24 V. boost converter in DCM using V;,,=16.14 V.

3.2.5 Buck-Boost Converter CCM

The inductance that results in BCM is given by (3.15).

ViwD(1 — D)
Loy = 22—/ 3.15
BCM ZIo,minFs ( )
The duty cycle of the buck-boost converter is calculated using (3.16).
‘/E)US
D=2 3.16
VI)US + va ( )

Using (3.15) in (3.70), the input voltage that results in the minimum required inductance for CCM is found
at Voy = Vpus. This can be seen from Figure 3.11, which shows the influence of the input voltage and cur-
rent on the inductance that results in BCM. A bus voltage of 12V is used in this figure, and the maximum
BCM inductance is at V;,,=12 V. Figure 3.12 shows the effect of the bus voltage and input current on the
inductance required for BCM. Here, Vj,, = Vs is used to obtain the largest inductance. Again, the induc-
tance required to operate in CCM increases for an increasing bus voltage and decreasing input current.
The current ripple is set at 20% of Iinmax to limit the inductance required.

Inductance to operate at BCM
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Figure 3.11: The inductance that results in BCM for Figure 3.12: The inductance that results in BCM for
the PV buck-boost converter using Vi s=12 V. the PV buck-boost converter using Vp,=Vpys.

The minimum output capacitance required is calculated using (3.17).

19



DI,

Comin > m

(3.17)

Figures 3.13 and 3.14 show the capacitance required as a function of the input current and voltage, and
input current and bus voltage, respectively. Similar observations for the boost converter can be made. The
capacitance required is maximum at maximum input current and voltage. Furthermore, the capacitance
required reduces when the bus voltage is increased as well.

CCM capacitance for AVo=1%Vo CCM capacitance for AVo=1%Vo
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Figure 3.13: Capacitance for AV,=1%V, for the PV Figure 3.14: Capacitance for AV,=1%V, for the PV
buck-boost converter in CCM using Vp,s=12 V. buck-boost converter in CCM using Vp,=16.14 V.

Comparing the inductance required for the PV converter to operate in CCM for a 12V and 24V bus from
Figures 3.6 and 3.12, a 24V bus results in a larger inductance. However, by comparing Figures 3.8 and
3.14, the output capacitance required for a 24V bus is smaller than for a 12V bus. Therefore, more energy
is stored in PV converter using a 12V bus when the converter is in standby. This is preferred because this
energy can be used during transients in the system.

3.2.6 Buck-Boost Converter DCM

For the buck-boost converter in DCM, the influence of the input current and input voltage on the inductance
for DCM is also shown by Figure 3.11. However, this figure now shows the maximum inductance required
to operate in DCM. Thus, the inductance should be calculated at the maximum input current to ensure
DCM for all input currents, and at Vp,, = 0 to ensure DCM for all PV voltages. However, from (3.16), V,,=0V
results in D = 1, which is not realistic. Therefore, similar to the boost converter in DCM, V;,,=3V is used to
calculate the inductance. Thus, the converter starts operating in DCM from 20% of maximum power.

The minimum output capacitance is calculated using (3.18).

L(AIL — I,)?
i _— 3.18
Co,mm ” 2VbusAVbus ( )
The current ripple Al is calculated using (3.19).
~ VovDpewm
AL= 2 (3.19)

The DCM duty cycle Dpey is calculated using (3.20).

WonsIoLF.
Docw = | =5 (3.20)
pv

Figures 3.15 and 3.16 show the capacitance required for a 1% output voltage ripple in DCM as a function of
the input current and voltage, and input current and bus voltage, respectively. The inductance used in (3.18)
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is the value that results in BCM for each input voltage and current in Figure 3.15, and for each input current
and bus voltage in Figure 3.16. Similar to CCM, the output capacitance required is maximum at maximum
PV voltage. Further, by increasing the bus voltage, the output capacitance required is reduced.

DCM capacitance for AVo=1%Vo DCM capacitance for AVo=1%Vo
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Figure 3.15: Capacitance for AV,=1%V, for the PV Figure 3.16: Capacitance for AV,=1%V, for the PV
buck-boost converter in DCM using Vp,s=12 V. buck-boost converter in DCM using Vp,=16.14 V.

3.2.7 Bidirectional Converter

The mode of operation that results in the largest power should determine the design of the bidirectional
converter. The maximum power generated by the PV panel is 18 W, while the maximum total power drawn
by the outputsis 81 W. Thus, the design should be based on discharging mode. For the 12V bus, the bidirec-
tional converter always operates in buck mode when discharging the batteries. Therefore, the inductance
and capacitance required are given by (3.1)-(3.6). The worst-case condition occurs at maximum battery
voltage because then the voltage across the inductance is maximum. Hence, this voltage must be used
when evaluating the equations. For the 24V bus, the bidirectional converter always operates in boost mode
when discharging the batteries. Hence, the inductance and capacitance required are given by (3.7)-(3.12).
In this case, the worst-case condition occurs at minimum battery voltage. Because this converter has the
largest power rating, Iomin=10%1I,max t0 limit the current ripple.

3.3 Specifications and Component Values Single-Phase Converters

The specifications of each converter fora 12V and 24V bus are shown in Table 3.1. The resulting values of
inductance and capacitance calculated and used are shown in Table 3.2. The power rating of the bidirec-
tional converter is determined from the sum of the power ratings of the three outputs having an assumed
efficiency of 90%. The power rating of the PV panel is derived in Appendix D.1.

The choice of inductors is based on the SGIHLP series from Vishay. The capacitors are selected from the
Kyocera AVX high reliability tantalum capacitors series. These inductors and capacitors are available in
space-grade and non-space-grade variants. For the bidirectional converter, the EPC2014C GaN switches
are used. For the other converters, the EPC8004 GaN switches are used. Various Si Schottky diodes are
used for the converters.

3.4 Losses in the Single-Phase DC/DC Converters

The losses in the switch, diode, inductor, and output capacitor are considered to determine which bus
voltage and mode of operation results in the highest efficiency of each converter.
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Table 3.2: Calculated and used inductor and capacitor
values fora 12V and 24V bus in CCM and DCM.

Table 3.1: Specifications of the single-phase DC/DC

Lcalc | Lused | Ccalc | Cused
converters fora 12V and 24V bus. [H] [H] [F] [.F]
P, Vi Vo [ Toma | Tomm AV, Bus Bidirectional
W] V] vl | [A] Al V] 12v CCM | 342 47 1.4 15
Bus Bidiectional DCM | 0.887 0.47 41581 | 594
3E 24V CCM | 4419 47 68.53 99
12V | 90.22 t0 21 12 | 7519 | 0.752 | 0.12 DCM | 3.06 22 100.64 | 132
135 PV converter
24V | 90.22 021 24 | 3759 | 0.376 | 0.24 12V CCM | 5435 | 75 64.15 68
BV converier DCM | 6.96 6.8 74.02 100
0o 24V CCM | 108.70 | 120 18.14 22
12V | 20.90 12 | 1.74 0.348 | 0.12 DCM | 9.51 8.2 23.17 33
16.14
0o 3.3V buck
24V | 20.90 16,14 24 | 0.871 | 0174 | 0.24 12V CCM | 2393 | 33 27.46 33
33V buck DCM | 2.99 22 395.42 | 400
12V | 1320 | 12 33| 4 0.5 0.033 24V ggm gssg@ 233 2556;1 3(7)0
24V | 1320 | 24 33 | 4 0.5 0.033 - g .
SV buck 5V buck
12V | 20 12 5 4 0.5 0.05 122v CCM | 29/ 33 22.10 33
2av 20 53 = 7} 05 0.05 DCM | 3.65 3.3 219.9 220
v [ SO A
| 24V | 48 \ 24 \ 12 \ 4 \ 0.5 \ 0.12 T2V buck
24V CCM | 60 75 8.33 15
DCM | 75 6.8 91.49 100

3.4.1 Losses in the Switch

The losses in the switch consist of conduction losses and switching losses. The conduction losses are
calculated in (3.21).

Poyol = ISQW,FmSRDS (321)

Here, Iswms is the RMS current in the switch, and Rpg the drain-source on-resistance. The switching losses
are calculated in (3.22).

Poyfs = (Eon + Eoff) Fs (3.22)

Here, Fy is the switching frequency, and E,, and Eq the turn-on and turn-off switching energy loss, re-
spectively. These are calculated using (3.23) and (3.24).

1

Eon = §sz,offfsw,omton (3-23)
1

Eoft = §stv,offlsvv,offtoff (3.24)

Here, Vauoff is the voltage the switch blocks when turned off, Iswon and Igyoff the current that the switch
must switch when turned on and off, respectively. Because Iswon = 0in DCM, only turn-off losses occur in
DCM. Finally, ton and tqf are the turn-on and turn-off times of the switch.

3.4.2 Losses in the Diode

The losses in the diode consist of conduction losses and switching losses as well. The conduction losses
are due to the forward voltage drop and on-resistance of the diode and is calculated using (3.25).
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PD,cI = VfID,av + Ig,rmsRD,on (3‘25)

Here, V% is the forward voltage drop of the diode, Ipa, the average diode current, Ipms the RMS diode
current, and Rpon the on-resistance of the diode. The switching losses are due to the junction capacitance
and due to reverse recovery current. However, since Schottky diodes are used, the reverse recovery current
can be neglected. Thus, the switching losses in the diode are calculated using (3.26).

1
Pogs = §qVF€2FS (3.26)

Here, Cj is the junction capacitance, Vi the reverse voltage blocked, and Fs the switching frequency.

3.4.3 Losses in the Inductor

The losses in the inductor considered are the DC conduction losses and core losses, neglecting the AC
winding losses. The DC conduction losses are calculated using (3.27).

P pc = 12 msRoc (3.27)

Here, 1) ims is the RMS inductor current, and Rpc the DC resistance of the inductor. The core losses in CCM
are evaluated using the core loss calculator provided by Vishay [97]. This tool calculates the core losses
for CCM only. For DCM, the core losses are calculated using the generalised Steinmetz equation, shown
in (3.28).

AB “

P, =V, _av
e (1—D)Ts

k(AB)’"* (|AB
Ts DT,

DT +|

(1-D) TS> (3.28)

The Steinmetz coefficients «a, 8, and k are obtained from curve fitting the core losses in CCM using the
core loss tool from Vishay. The exact method is elaborated in Appendix B. Further, V¢ is the effective core
volume, and A B the change in flux density, shown in (3.29).

Al

AB=1L
NAC

(3.29)

Here, N is the number of turns of the inductor, A, is the area of the cross-section of the bobbin of the
magnetic core, and A1, is the current ripple in the inductor.

3.4.4 Losses in the Output Capacitor

The losses in the output capacitor considered are conduction losses only. They are calculated in (3.30).

Poo = I3, me Resr (3.30)

Here, Icorms iS the RMS current in the capacitor, and Resg the equivalent series resistance of the output
capacitor.

3.4.5 Currents in the Components

The calculation of the RMS currents of the components, as well as the average diode current in CCM and
DCM are shown in Tables 3.3 and 3.4, respectively. Note that the equations for the buck-boost converter
and boost converter are equal.
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Table 3.3: RMS and average currents of the components required for the loss calculation in CCM.

cCM Buck Boost Buck-boost
AT2 2 A2 2 A2
me V12 3F V() + 38 V() + 38
A2 2 Ar2 RN
o (24 50) () +2) o () +2%)
AT2 2 A2 2 A2
Toms \/(1_17) (12+5%) \/(1_1))((110]3) + 15) %1_1))((110[)) + 12L>

AL? D12 | (1-D)AI? DI2 (1-D)AI2
L o L o L
Ico,rms 12 i—p T 12 i—p T 12
Ipav (1-D)I, I, I

Table 3.4: RMS and average currents of the components required for the loss calculation in DCM.

DCM Buck Boost Buck-boost
I rms \/(D+A1)ATIL2 \/(D+A1)ATIL2 \/(D—&-Aq)%lf
Isw,rms D Al7 DAilL2 DLIE

3 3 3
AI2 AT AI2
ID,rms Aq 3L V A1TL Aq SL
2 2 2
Icosms \/(D +A) (AT’ - AILIO) +12 /AL (% _ AT) \/Nf (% _ AT)
Ipav A EL A %

2

3.4.6 Results

The losses in each component for the converters operating in CCM and DCM forthe 12V and 24V bus are
shown as a stacked bar graph in Figure 3.17. The losses are shown as a percentage of the power rating
of the corresponding converter. For all converters holds that operating in CCM results in higher efficiency
than operating in DCM. This is mainly due to the decrease of the losses in the inductor. The losses in the
inductor are significantly larger for DCM as compared to CCM, which is caused by the significant increase
in the core losses. In [14] it is shown that the core losses in DCM can reduce the efficiency by 10% relative
to CCM.

For the bidirectional converter, only for DCM operation the 24V bus results in a notably increased efficiency
compared to the 12V bus. The 24V bus in DCM results in a 2.57% increase in efficiency compared to the
12V bus in DCM. From Figure 3.17, the losses in the switch and output capacitor in DCM are reduced
significantly for the 24V bus compared to the 12V bus. This is caused by the reduction of the currents due
to the increased bus voltage. Note that the capacitor losses for the 12V bus in CCM are 0.0 For operation
in CCM, the efficiency using the 24V bus is increased by 0.02% compared to the 12V bus.

Similarly, the PV converter is more efficient for a 24V bus than fora 12V bus. This is expected because the
PV converter is a boost converter for the 24V bus, which is in general more efficient than the buck-boost
converter used for the 12V bus [98, 99]. Furthermore, DCM operation is less efficient than CCM operation.
For CCM operation, the efficiency for the 24V bus is increased by 1.15% compared to the 12V bus. For
DCM operation, the efficiency using the 24V bus is increased by 6.72% compared to the 12V bus.

On the other hand, for the 5V and 3.3V buck converters, operating at a 12 V bus results in higher efficiency
thanata 24V bus. Thisis mainly due to the reduced losses in the diode. The duty cycle is higher forthe 12V
bus, so the diode conducts for a shorter amount of time while the switch conducts longer compared to the
24V bus. The conduction losses in the diode are usually larger than the conduction losses in the switch
due to the contribution of the forward voltage drop in the diode [11]. To improve the efficiency, synchronous
rectification can be implemented [100]. As expected, the losses in the switch of the 12V bus are increased
compared to the 24V bus because the duty cycle is larger for the 12V bus.

The 3.3V buck converter has remarkably low efficiencies, mainly in DCM. This can be accounted for by the
fact that the power rating is low (13.2 W) while the current is relatively large (4 A). Therefore, the conduction
losses make up a significant part of the total power. Furthermore, the core losses of the inductor in DCM
are 1.81TW and 1.85W for the 12V and 24 V bus, respectively. This corresponds to a 13.7% and 14.0% drop
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Figure 3.17: Losses in the switch (SW), inductor (L), diode (D), and output capacitor (Co) of the bidirectional
(Bidi), PV buck or buck-boost converter (PV), 3.3 V buck (3.3V), 5V buck (5V), and 12 V buck (12V) converters.

in efficiency. From Figure 3.18 can be seen that the losses in the 3.3V, 5V, and 12V buck converters differ
by less than 1W. This small difference is because different inductors and capacitors are used. Therefore,
the low efficiency of the 3.3V buck converter is acceptable.

In [101], a synchronous buck converter operating in CCM at 1.2V and 6 A output has a measured efficiency
of 95%. It is found that approximately 80% of the losses in the diodes of the 5V and 3.3V buck converters
are due to the forward voltage drop. Thus, it is expected that these converters in CCM approach a 90%
efficiency when operated in synchronous topology, which is in good agreement with [101].
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Figure 3.18: Losses in the single-phase converters for a 12V bus and 24V bus operating in CCM and DCM.

The losses are summed up to determine which bus voltage and mode of operation results in minimal total
losses. This is shown in Figure 3.18. Operating in CCM with a 12V bus results in an increase of 33.78% of
efficiency compared to the 24V bus in CCM. Similarly, operatingin DCM with a 12V bus results in a 12.34%
improvement in efficiency compared to DCM operation with a 24V bus. Notably, for both the 12V and 24V
bus configurations, operating in CCM is more efficient than operating in DCM and consequently results in
the lowest total losses. When utilising the 12V bus, operating in CCM results in a 138.45% increase in effi-
ciency compared to operating in DCM, whereas the 24V bus demonstrates a 100.22% increase. Therefore,
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it can be concluded that operating the DC/DC converters in CCM results in a higher efficiency than DCM.
Furthermore, for a given mode of operation, a 12V bus is more efficient than a 24V bus.

3.5 Losses Based on Usage Profile

The previous analysis was done for the converters operating at maximum load. However, a more realistic
estimation of the losses is made based on the usage profile of the rover. This is done by calculating the
average power loss during one operational cycle. One operational cycle means that the fully charged bat-
teries are first fully discharged at constant load without energy generated from the PV panel, after which
they are completely charged from the PV panel at maximum power point without any loads. This is a re-
alistic usage scenario for the rover because during charging operation the rover does not walk or carry
out non-critical tasks. The influence of adding the 12V buck converter but having a more efficient boost
converter for the 24V DC bus topology will be compared to the 12V DC bus topology, where a less efficient
buck-boost converter is used but no 12V buck converter is required. This is done for the DC/DC convert-
ers operating in CCM because it was found to be more efficient than operating in DCM. The following
assumptions are made:

- The average output current drawn by the 12V, 5V, and 3.3V outputs is TA.

- The efficiencies of the converters operating at 1A are equal to the efficiencies calculated in Section
3.4.6, so these efficiencies are used in the analysis.

+ The efficiency of the bidirectional converter is the same during charging and discharging.

The average power loss during one operational cycle is calculated using (3.31).
EL,W + EL,oh PL,WtW + PL,ChtCh

P, = = 3.31
- tcycle tw + ten ( )

Here, Ey,, is the total energy loss in the 12V buck converter during walking, and E| ¢, is the total energy
loss in the DC/DC converter of the PV panel during charging. Similarly, P, and P, ., are the power losses
during walking and charging in the corresponding DC/DC converters, and t,, and t, are the times the rover
walks and charges, respectively. Using (3.32) P_,, is calculated

Plw = P ovw + Plsyw + Plavaw + PLpiw (3.32)
Here, P_1ovw, PLsvw, and P aysw are the losses in the 12V, 5V, and 3.3V buck converters during walking,

and P, the losses in the bidirectional converter during walking. These are calculated using (3.33), where
Py conv is the output power of the corresponding converter and neony the corresponding efficiency.

1
PL,conv,w = Poconv < - 1) (3‘33)

Tlconv

Further, P_ s, from (3.31) is calculated using (3.34).

PL,ch = PL,pv,ch + PL,bi,ch (3‘34)

Here, P pych and P picn are the losses in the PV DC/DC converter and bidirectional converter during charg-
ing. These are calculated using (3.35).

PL,conv,ch = Pin,conv (1 - 77conv) (3‘35)
Here, P conv IS the input power of the corresponding converter, and 7n¢ony the corresponding efficiency.

Further, Poy=20.90 W is the maximum power generated from the PV panel. The time in seconds the rover
can walk and needs to charge is calculated using (3.36) and (3.37).
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_ Eypmpi

tw - 3600 (3.36)

o,bi

E
ton = % 3600 (3.37)
PVTIpvTlbi

Here, Ep, = 57.60 Wh is the capacity of the battery pack and P, the output power of the bidirectional
converter, calculated from (3.38).

Py = Popv 4 Fosv Pojavs (3.38)

Here, Py1ov, Posv, and Py 3y3 are the average output power of the 12V, 5V, and 3.3V outputs, respectively.
The resulting energy losses during walking and charging, the time the rover can walk and needs to charge,
and the resulting average power loss for the 12V and 24V bus are summarised in Table 3.5.

Table 3.5: Resulting energy loss and time for walking and charging, and average power loss.

EL,w tw EL,ch teh Pay
12V bus | 18.07kd | 2.59h | 2416kJ | 3.08h | 2.07W
24V bus | 26.09kJ | 2.48h | 21.25kJ | 3.04h | 2.38W

For the 12V bus, the losses during walking are reduced by 30.51% compared to the 24V bus, while the
losses during charging are increased by 13.46%. As a result, the 12V bus has 310 mW less losses on
average compared to the 24V bus, which is a reduction of 13.02%. Therefore, from an operational point of
view, the 12V bus results in an PES with a higher efficiency.

3.6 DC Bus Selection

It was found that the combined losses in the DC/DC converters are lower for a 12V bus than for a 24V
bus. The least amount of losses is obtained using a 12V bus operating in CCM, with a total power loss
of 8.72W. Furthermore, it was found that the 12V bus results in the least amount of average power loss
during operation as well, where a reduction of 13.02% was observed compared to the 24V bus. Thus, it
can be concluded that a bus voltage of 12V results in a more efficient PES, and therefore this bus voltage
will be used. The mode of operation that results in the highest efficiency in the interleaved converters for
the 12V bus will be explored in more detail in Chapter 5.

Besides the increased efficiency, the 12V bus has as advantage that no additional 12V buck converter is
required, reducing the size and weight of the system. Moreover, the 12V bus results in lower inductance
required for a specified current ripple than the 24 V bus. In Section 5.5.3 is shown that the inductors take up
most space in the design. Thus, the size and weight are even further reduced using the 12V bus compared
to the 24V bus. The only disadvantage is that the capacitance required for a specified voltage ripple is
larger. However, the increase in size of the capacitors is insignificant compared to the reduction of inductor
sizes. Furthermore, larger capacitance has more energy stored when the system is idle. In contrast, larger
inductance has more energy stored only when current is flowing. Thus, the 12V bus increases the energy
available when the PES transits from idle to operation.
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Chapter 4

Redundancy in the Power Electronic
System

The Power Electronic System (PES) is the most critical system in the rover. When a DC/DC converter
fails, the rover loses all functionalities that are powered by that converter. By implementing redundancy,
the system reliability is increased [8]. In Section 2.2 was proposed to use interleaved converters. They
provide redundancy and have better performance than the single-phase variants. Therefore, the goal of this
chapter is to explore different redundancy methods and compare the resulting footprint and component
count with the non-redundant single-phase converters. Finally, the optimal redundancy method is selected
to implement in the PES.

4.1 Redundant Systems

In a redundant system, relaying, backup components, and tripping circuits are incorporated to reduce the
probability that failure of a single component results in the failure of the system. Common metrics to
evaluate system reliability are failure rate, mean time between failures, and availability [102]. However, a
precise mathematical model is required based on empirical and physics-of-failure models. Since this is
not the focus of this thesis, only an objective analysis is made to come to a fault-tolerant system.

Electrolytic capacitors and power switching devices are the main components that put the reliability of the
system in jeopardy [102, 103]. From Chapter 2.1, a capacitor and switch can fail as either an open circuit
or a short circuit. When an open circuit occurs, a redundant component should be there to take over the
functionality. For a short circuit, the short should first be isolated from the system before the redundant
component takes over. Since space-grade tantalum capacitors are used, no redundancy measures are
required for short-circuit faults of the capacitors.

There are four categories for hardware redundancy: switch level, leg level, module level, and system level
[102]. For the switch level, parallel or series redundant switches are employed. Parallel redundant switches
result in higher redundancy since they account for both open and short circuit failure of a switch, while
series only account for short circuit failure. Parallel switches can operate in online or offline mode. In on-
line mode, the redundant switch is used during normal operation. In offline mode, the redundant switch is
not used during normal operation but only when the main switch fails. The leg level includes an additional
redundant leg in the system. For online mode, this results in the interleaved converters covered in Chapter
2.2.3. It is shown that for full fault-tolerant design, the redundant leg is the best tradeoff between cost,
performance, and reliability [102]. Multilevel modular converters are an example of module-level redun-
dancy. Finally, the system level incorporates a redundant converter. Similar to switch level, connecting the
redundant system in parallel connection results in higher reliability than cascaded [102].

When a fault occurs, the first step is to isolate the fault from the system. GaN switches can handle short
pulses of high currents and fast-blow fuses are available. Therefore, simple isolation with the aid of a
fuse is possible with as only drawback the added series inductance [102]. Other methods include adding a
triac or switch to reconfigure from the faulty switch to the backup switch [104, 105]. The drawback is that
additional fault diagnostics and control are required.

Only leg-level and system-level redundancy are considered. To implement the switch level redundancy for
a single-phase converter, an additional switch and gate driver are required. The only difference between
the resulting topology and an interleaved converter is an additional inductor and diode. From Chapter 2.2,
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the interleaved converter has many advantages over the single-phase converter. Hence, the switch level
redundancy is not considered.

4.2 System Level Redundancy

At system level, N denotes the minimum amount of DC/DC converters required to operate. Different levels
of redundancy can be included. The minimum amount to achieve redundancy is N+1, where a single DC/DC
converter is redundant. When a redundant converter is present for each DC/DC converter, 2N redundancy
is achieved. Both options are explored in more detail. Figures 4.1 and 4.2 show the topology of the PES
for N+1 and 2N redundancy, respectively. A fuse is placed in series with each converter. This fuse should
blow when a fault occurs in the converter, effectively isolating the faulty converter from the system.
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Figure 4.1: PES topology for N+1 system level redun-

dancy. Figure 4.2: PES topology for 2N system level redun-

dancy.

4.2.1 N+1 Redundancy

In N+1 redundancy, a single redundant DC/DC converter is added to the system. This redundant converter
must be able to replace each of the DC/DC converters of the PES. It must support bidirectional power flow
to be able to replace the bidirectional converter connected to the battery and must support buck-boost
operation to be able to replace the buck-boost converter at the PV converter. Therefore, this converter
must be a bidirectional buck-boost converter. It can then inherently also function as the 5V and 3.3V buck
converter.

The main advantage of this topology is that minimum amount of components are added to the system.
This reduces the size, weight and cost of the system. However, this topology has several disadvantages.
First of all, it can replace only one faulty converter. Secondly, the redundant converter has a buck-boost
topology. This results in more losses than a buck or boost converter [96]. Finally, additional hardware and
control are required to reconfigure the correct input to the redundant converter. This can be done using
a power multiplexer or a relay. Electromechanical relays are not considered since they are very sensitive
to mechanical shocks and vibrations. Furthermore, only a few space-grade variants are commercially
available and are bulky (e.g. the footprint of EV250 from Kilovac is 5.72x6.99 cm).

Power Multiplexer

The power multiplexer is responsible for selecting the correct input for the redundant bidirectional buck-
boost converter. This should be based on which converter has a fault and needs to be replaced. The power
multiplexer can be implemented using discrete switches, or using a fully-integrated Integrated Circuit (IC).
The multiplexer can be controlled manually, automatically, or both. When controlled manually, a control
signal from the microcontroller selects what input to supply to the output of the multiplexer. When con-
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trolled automatically, it will determine which input to supply to the output based on a set threshold, for
example, the voltage of the first input [106]. The power multiplexer has the following requirements:

- It should have bidirectional power flow to charge and discharge the batteries when it replaces the
bidirectional converter.

+ It should have automatic control. During a fault in the 3.3V line, the power to the microcontroller is
interrupted. Therefore, it should not rely on manual control from the microcontroller.

- It should have a current rating of at least 6.7 A. The current rating is determined from the DC/DC
converter with the highest current rating, which is the bidirectional converter.

+ It should have a voltage rating larger than 21V, determined by the maximum battery voltage.

No integrated IC multiplexer is available that can handle the current rating. Furthermore, no IC multiplexer
with more than two inputs is available that has both the required voltage rating and significant current
rating. The TPS2121 from Texas Instruments is one of the few ICs that has both a large current rating
(4.5A) and a voltage rating higher than the maximum battery voltage. Furthermore, it supports bidirectional
current flow. It has two inputs and one output. Therefore, at least four are required to implement the power
multiplexer from Figure 4.1.

In Figure 4.3, the power multiplexer implemented using four of the TPS2121 from Texas Instruments is
shown. Each of the multiplexers M1-M4 can be controlled using low-power discrete logic gates. They
should select their input based on the status of the corresponding converters. For example, when a fault
occurs in the 5V buck converter, M1 should select input 1, M2 should select input 1, and M3 and M4 should
selectinput 2. Two multiplexers, M3 and M4, are required in parallel to handle the current of the bidirectional
converter.

Figure 4.4 shows a two-input one-output automatic multiplexer implemented using discrete switches. The
comparator is set to connect input supply 1to the output Viuux_out When input 1is present, else it connects
input supply 2 to the output. The four-input one-output multiplexer from Figure 4.1 can be realised by adding
two more parallel circuits and modifying the control circuit. The control circuit consists of comparators
to drive the switches, and low-power discrete logic gates to determine which switch to drive. Because
this method is significantly more complex to design, only the method using the TPS2121 multiplexer from
Texas Instruments is considered.
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Figure 4.3: Power multiplexer from Figure 4.7 imple- = =

mented using the TPS2121 from Texas Instruments.
Figure 4.4: Automatic 2-input T-output power multi-

plexer implemented using discrete switches [106].

4.2.2 2N Redundancy

With 2N redundancy, every DC/DC converter has a backup. Figure 4.2 shows the simplest case, where
each converter has a copy of itself connected in parallel. When a failure occurs in the main converter, the
redundant converter takes over. In case a short circuit occurs, the fuse in series with the DC/DC converter
should trip.
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The main advantage of this topology is the amount of redundancy added. Each converter can be replaced,
independently from the type of fault in the converter. Furthermore, the control required is simple. The
controller should know which converter has a fault, and send gate signals to the backup converter instead
of the main converter. The main drawback of this topology is the amount of components required is
doubled compared to the single-phase topology without redundancy.

4.3 Leg-Level Redundancy

Leg-level redundancy for the single-phase converters results in interleaved converters. By increasing the
number of phases N, the input and output current ripples are reduced, as well as the RMS currents in
each phase [107, 108]. However, increasing the number of phases from two to more does not necessarily
increase the efficiency of the converter [88]. Therefore, only one redundant leg is considered. In this way,
the additional amount of components is minimised, while still benefiting from the improved performance
and reliability compared to a single-phase converter. To create redundancy in the interleaved converters
from Chapter 2.2.3, small adjustments need to be made. This is achieved by placing redundant capacitors,
and by placing fuses in series with the input and output of each phase leg. Figure 4.5 shows the interleaved
buck-boost including these redundancy measures.
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F1 TJ— D1 g3

SW2 —
4-Vpv 2| D2 ~
F2 F4 cot|coa| coF NP
— Cin1 |[Cin2 | Cin3 pr
T T T L12 L2
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Figure 4.5: Interleaved buck-boost including redundancy measures.

When one of the switches fails as open circuit, no measures need to be taken and the other phase leg can
take over. When the switch fails as short circuit, the fault needs to be isolated from the converter before
the other switch can take over. Therefore, a fuse in series with each switch should be placed. When the
switch shorts, the fuse trips, effectively isolating the fault from the converter [104, 105]. This is done for
the interleaved bidirectional, buck-boost, and both buck converters. Similarly, when the diode fails as a
short circuit, the fuse in series with the diode should trip effectively isolating the short from the output.
Finally, when a capacitor fails as open circuit, no measures need to be taken. A second capacitor should
be present to create redundancy. To comply with the RMS current rating two capacitors are required at the
input and output, hence three input and output capacitors are used in total. In Appendix C, the schematics
of the interleaved bidirectional and both buck converters including the redundancy measures are shown.

4.4 Comparison Redundancy Methods

The total footprint area of the single-phase converters and interleaved converters without redundancy are
compared with the total footprint of the aforementioned redundancy methods. This is shown in Figure
4.6, together with the total number of components required. The components considered are those of
the converter, including the switch, diode, inductor, output capacitor, input capacitor (if applicable), and
fuses. Furthermore, the components for the gate driver are considered, including the bootstrap and startup
circuit, as well as the isolated DC/DC converter for the buck-boost converter. Finally, the snubber network
is considered, as well as the power multiplexer from Figure 4.3. The design of the interleaved converters,
gate driver, and snubber network is covered in Chapter 5.

As expected, the number of components as well as the footprint area of the single-phase converters in-
crease for N+1 and 2N redundancy. The number of components required for interleaved converters is
almost twice as large as for single-phase converters without redundancy. However, the total resulting
footprint area is approximately equal to that of the single-phase converters. This is due to the decrease
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of inductance required for interleaved converters, resulting in significantly smaller inductors. Finally, the
most number of components are required for interleaved converters including redundancy, however, the
increase in footprint area is small compared to the interleaved converters without redundancy.

Footprint area and number of components without and with redundancy
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Figure 4.6: Comparison of the resulting total footprint and number of components of the single-phase con-
verters without redundancy (1ph), N+1 redundancy, 2N redundancy, and interleaved converters without re-
dundancy measures (int) and including redundancy measures (int+red).

It can be concluded that leg-level redundancy has the best tradeoff between redundancy added and foot-
print area added. Compared to the single-phase converters without redundancy (1ph), the interleaved con-
verters including redundancy (int+red) increase the footprint area by 8.59%. For N+1 redundancy, an in-
crease of 35.3% is observed, while for 2N redundancy, an increase of 103.3% is observed.

Compared to N+1 redundancy, leg-level redundancy has as advantage that redundancy for each converter
is included instead of only one converter. Furthermore, the leg-level redundancy can account for a short
or open circuit failure in the switch and diode, and an open circuit failure of both an output capacitor and
input capacitor of each converter. For both N+1and 2N redundancy, failure in only one of these components
results in failure of the entire converter and the redundant converter should take over operation. Therefore,
though no mathematical proof is given, it is expected that the leg-level redundancy results in the most
amount of redundancy thus the highest reliability of the PES. Furthermore, the interleaved converters have
improved efficiency and performance compared to the single-phase converters [87, 90].
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Chapter 5

Power Electronic System Design Using
Interleaved Converters

In this chapter, the designs of the two-phase interleaved DC/DC converters are presented. In Chapter 3
was found that a 12V bus is more efficient than a 24V bus for the single-phase converters. Therefore, the
interleaved converters are designed for a 12V bus voltage only. In addition, CCM operation was found to
be more efficient than DCM operation. However, the interleaved converters are designed for both CCM and
DCM. For two-phase interleaved converters the power is shared between the two channels. Therefore, the
RMS currents are reduced significantly. Hence, the effect on the efficiency for both modes of operations
is investigated to see if CCM is also more efficient than DCM for the interleaved converters.

First, in Section 5.1, the design of the interleaved converters in CCM and DCM is elaborated. Second, the
specifications of the converters and resulting component values are presented in Section 5.2. Third, in
Section 5.3, the models derived of the interleaved converters in CCM and DCM are verified using simula-
tions in Matlab Simulink. Next, Section 5.4 compares the theoretical losses in the interleaved converters
with those of the single-phase converters from Chapter 3. Section 5.5 presents the results of the loss cal-
culations and compares them to the losses in the single-phase converters. Finally, Sections 5.6-5.8 cover
implementation challenges, where the designs of the gate drivers, snubber networks, and startup circuit
are presented, respectively.

5.1 Design Two-Phase Interleaved Converters

The design equations of the inductance and capacitances required are given for CCM and DCM. These
are derived from the waveforms of the currents in the converters. In addition, the current waveforms
are used to calculate the losses in each component in Chapter 5.4. To simplify the design, the following
assumptions are made:

+ The switches, diodes, inductors, and capacitors are ideal.

- The output and input capacitors are large enough to maintain a constant voltage.

5.1.1 Buck Converter CCM

For a two-phase interleaved buck converter, the inductance required for each phase is halved compared
to that of a single-phase converter [109]. The inductance is calculated using (5.1).

D(Vi, — Vo)

5.1
2Io,minFsJ\/v ( )

Lcem >

Here, Vi, and 1, are the input and output voltages, respectively, I min the minimum output current to operate
in CCM, F5 the switching frequency, and N the number of phases. Note that the phases operate at DCM
at I, min, while the output phase current iy, , is CCM. This holds when Dpcy + Aq > 0.5. The phases start
operating in CCM when I, = 2, min. The duty cycle D is equal to the single-phase buck converter, given
in (3.2).

The output capacitance required is calculated using the output phase current iy o (£), which is given by (5.2).
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ipho(t) = iLpm (¢) + iLpna(t) (5.2)

Here, i pn1 and i pno are the inductor phase currents. For both the 5V and 3.3V interleaved buck, D < 0.5.
When D<0.5, iy, is described by (5.3).

h, = .
Pne oy 4 [y 4 Yols | WDIL - for DTy <t< L
The current in the output capacitor ic(t) can be expressed by (5.4).
iCo(t) = iph,o(t) -1 (5‘4)

Here, I, is the average output current. In Figure 5.1, the topology of the two-phase interleaved buck con-
verter is shown, together with the aforementioned currents.
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Figure 5.1: Currents used for the capacitance derivation of the two-phase interleaved buck converter.

Figure 5.2a shows the inductor phase currents, phase output current, and output capacitor current for the
5V buck converter operating in CCM at maximum load (I,=4 A). This is done for two switching cycles, using
a switching frequency of 100 kHz. The inductor phase current ripple is A ;,1=1.33 A, while the output phase
current ripple is AT 5,,=0.38 A. Thus, the output current ripple is reduced by a factor 3.5. Furthermore, the
frequency of the output phase current ripple is doubled compared to the inductor phase current ripple.
Using (5.5), the output capacitance is calculated.

AQ 1

Co = AV, 2AV,

(tz - t1)iCo,ma>< (5.5)

Here AQ is the change in charge stored in the capacitor and AV, the corresponding change in voltage,
icomax 1S the peak capacitor current, and ¢7 and ¢, are found using (5.6) and solving for ¢.

ipho(t) =0 (5.6)

In the plot of the output capacitor current in Figure 5.2a, the value of AQ, t, and t, are graphically shown.
Solving for C, using (5.3)-(5.6), the output capacitance is given by (5.7). The currentripple A1y is calculated

using (5.8).
1 TS 1 %Ts 1 VOTS
_ Sipyi) 2t p_ L) (arn - 57
Co 2AVO<2 < +2>+Vm—2Vo( 2)>< - 2L> (57)
L LF, ‘
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Figure 5.2: Waveforms of the currents in the interleaved 5V buck converter corresponding to the output
capacitance calculation, shown for two switching cycles.

5.1.2 Buck Converter DCM

The inductance to operate in DCM is shown in (5.9). Similar to the single-phase buck converter, the in-
ductance should be evaluated at maximum load current to ensure DCM operation for the complete load
current.

D(Vin — Vo)

Lpew <
2IO,maXFSN

(5.9)

The output phase current iy, , becomes CCM for I, > Iomax. However, the individual phases remain in
DCM until I, > 2I,max. FOr the output capacitance, the same approach as for CCM is used. For both the
5Vand 3.3V buck converter, D + A < 0.5, S0 i, is described by (5.10).

Yoz Voy, for 0 <t < DpemTs
ipho(t) = ¢ =¥et + Al + Y2 DpeyTs, for DpowTs < t < (Dpem + Aq)Ts (5.10)
0, for (Dpom + A1) Ts <t< L

The DCM duty cycle Dpoy is calculated using (5.11). Because the power is divided by the number of phases
N, the duty cycle is reduced by a factor 1/v/N compared to a single-phase buck converter.

oLP,

Vin(Vio — Vo) N o1

Dpey =

Further, the inductor current ripple Al is calculated using Dpcym in (5.8). Finally, A4 is calculated us-
ing (5.12).
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A7 = Dpewm (m - 1) (5.12)

The inductor phase currents i pn and i prp, OUtput phase current iy, and output capacitor current ic,
are shown in Figure 5.2b for the 5V buck converter operating in DCM at maximum load. In this case,
the output current phase current ripple is not reduced from the sum of the inductor phase currents. This
happens when D + A7 > 0.5, which is not the case. The frequency of the ripple is again doubled.

The output capacitance required is calculated using (5.10) in (5.4)-(5.6). Further, AQ, t;, and ¢, are graph-
ically shown in the bottom plot of Figure 5.2b. The resulting equation of the output capacitance is given
by (5.13). Note that this is the same equation as for the single-phase buck converter.

Al — 1, (L(AL — I LI
co= 2LAVOO(( T Dua - )

5.13
Vo Vin—Vo (513

5.1.3 Buck-Boost Converter CCM

The inductance that results in CCM is given by (5.14). Again, the inductance is divided by the number of
phases N.

VinD(1 — D)

5.14
2Io,minFs]V ( )

Lcem >

The duty cycle D of the buck-boost converter is equal to the single-phase duty cycle, givenin (3.16). It was
found in Section 3.2.5 that the maximum inductance is found when V4, = V. Similar to the buck converter,
the phases operate in DCM at I, min. However, the output phase current becomes CCM when A; > 0.5, SO

NV,
I, > —°
° = 8LF,

For the output capacitance, the maximum value occurs at maximum load and input voltage, thus at MPP.
For the interleaved buck-boost converter, the output capacitance is calculated from the output phase cur-
rent, given by (5.15).

ipho(t) = ippn1(t) + ippna(t) (5.15)

Here, ipph and ippno are the diode phase currents through D1 and D2, respectively. At MPP, D ~ 0.44.
When D < 0.5, the output phase current is given by (5.16).

_ Rt EE(D = §) + gepy + 3AL, for0<t<DTy c 16
ipho(t) 2V, VoTs 1 I, A forD T (5.16)
The current ripple A1y is calculated from (5.17).
o WnD o Vo(l B D)
Al = IF ~  IF (5.17)
Finally, the current in the output capacitor can be expressed by (5.18).
iCo(t) = iph,o(t) —Io (518)

In Figure 5.3, the schematic of the interleaved buck-boost converter is shown, together with the aforemen-
tioned currents.
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Figure 5.3: Currents used for the capacitance derivation of the two-phase interleaved buck-boost converter.

In Figure 5.4a, the diode phase currents ippn and ippno, Phase output current gy, o, and output capacitor
current ico are shown for the interleaved buck-boost converter for two switching cycles. It operates at MPP
at 100 kHz in CCM. Further, it shows the values of AQ, t4, and ¢, in the bottom plot. Note that ¢, = DTs.
The value of the output capacitance is calculated using (5.19).

A 1 .
Co= S = e t2 ~ licoml 519)
This results in (5.20).
1 (Ts LI, LAL LI, I AL VT
- (=2 - Zo) |2 .y 2
Co 2AVO(2 Wo(l—-D) 2V, %)‘2(1—D)+ 2~ op ° (520)
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Figure 5.4: Currents in the interleaved buck-boost converter in CCM shown for two switching cycles.

The input capacitance required is also calculated at MPP, using the input phase current shown in (5.21).
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iph,in (t) = isw,phT(t) + Z'sw,phZ(t) (5‘21)

Here, igwpn and igyphe are the currents through the switches of phase 1and 2, respectively. When D < 0.5,
the input phase current is given by (5.22).

Yot 4 Intle 210 for 0 <t<DT:
ionin(t) = { T 2 27 - s 5.22
th,ln( ) {O, for DTS < % ( )
Finally, the current in the input capacitor is given by (5.23).
iCin (t> = Iin - iph,in (t) (523)

In Figure 5.4b, the switch phase currents igypn1 and isypno, iNput phase current 4y, i, and input capacitor
current igj are shown for two switching cycles. It operates at MPP at 100 kHz in CCM. When D < 0.5, the
input phase current is DCM. Further, it shows the values of AQ, t1, and ¢, graphically. Note that ¢, = DTx.
The value of the input capacitance is calculated using (5.24).

1

C(in = TAVO

(t2 — t1)licinmin| (5.24)
The resulting expression of the input capacitance is given in (5.25).

1 L In — I, — Al
Cin (DTS — aYr (Ln - Io + AIL)) %L

T 24V, 2V, (529

5.1.4 Buck-Boost Converter DCM

The inductance to operate in DCM is shown in (5.26). To always operate in DCM, the inductance should
be evaluated at MPP.

VinD(1 — D)

5.26
2Io,masz-N ( )

Lpem <

The expression of the output capacitance is the same as for the single-phase buck-boost converterin DCM,
shown in (3.18). The reason is that the currents in the diodes of the two phases do not overlap, because
Aq < 0.5. However, the duty cycle Dpoym is now calculated using (5.27). Just as for the interleaved buck
converter, the duty cycle is reduced by a factor 1/v/N compared to a single-phase buck-boost converter.

2Vl L
VAN

Dpem = (5.27)

The expression for the input capacitance required is derived in the same way as for the input capacitance
in CCM. At MPP, D < 0.5 and the input phase current is described by (5.28).

Vot for0 <t< DpeyT.
Z'ph,'n(ﬁ)_{L’ ore s b= Hoomts (5.28)

0, for DpepTs <t< %

Thus, the waveforms look similar to the CCM case, shown in Figure 5.4b. The difference is that the switch
phase currents start from 0 A. From (5.23) and (5.24), the input capacitance is expressed by (5.29)

LI
DmMn<“)MnAA| (5.29)

G”zAwn( i

The current ripple A1y is calculated from (5.17) using (5.27).
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5.1.5 Bidirectional Converter CCM

Similar to the single-phase bidirectional converter, the design of the two-phase interleaved bidirectional
converter is made for buck mode and maximum battery voltage. Therefore, the expression of the induc-
tance that results in CCM is equal to that of the interleaved buck converter, given in (5.1).

The expression of output capacitance required differs from the interleaved buck converter because D > 0.5
for all battery voltages for the bidirectional converter. Now, ipy, , is described by (5.30).

(5.30)

Yo-2Voy 4 I, — AL + %L, for O-L)Ts<t<Z

. eVl gy AL YT for 0 < t< (D-1)T5
th,o(t) =

The current in the output capacitor is expressed the same as for the interleaved buck converter, given
by (5.4). In Figure 5.5 the schematic of the interleaved bidirectional converter is shown, together with the
currents required for the input and output capacitance derivation.
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Figure 5.5: Currents used for the capacitance derivation of the two-phase interleaved bidirectional converter.

In Figure 5.6, the inductor phase currents iy and iy pno, OUtpUt phase current iy, o, and output capacitor
current ico are shown for two switching cycles. The converter operates at maximum load (7.52 A), maxi-
mum battery voltage (21V), and at 100 kHz in CCM. Further, it shows the values of AQ, t1, and ¢,. Similar to
the interleaved buck converter, the output capacitance is calculated using (5.5). The resulting expression
of the output capacitance is given in (5.31). The capacitance should be calculated at maximum load.

1 ALL — Y%L AL L Ts\ [ Vin — 2V, 1 Vo,
Co = 2 2= (D-2)Ts—A] oS 5.31
© 2AVO< Vih — 2V, 20V, = Vo) 4 L 2)7° SYs (531)

The input capacitance is calculated at maximum load from the input phase current, given by (5.32).

Z.ph,in(t) = iswu,pm(t) + Z‘swu,phZ(t) (5-32)

Here, isyupn and iswypne are the currents in the upper switch of phase 1and 2, respectively. When D > 0.5,
the input phase current is given by (5.33).

() 2Watody 4 1o — AL+ Y5 B for 0 <t< (D - LT (5.3
PRI = | GoVe)y 4 Lom AL for (D — )Ty <t<L '
Finally, the input capacitor current is given by (5.34).
1Cin (t) = Iin - iph,in (t) (5‘34)
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Figure 5.6: Waveforms of the currents in the bidirectional converter corresponding to the output capacitance
calculations for CCM, shown for two switching cycles.

Figure 5.7a shows the upper switch phase currents gy pn1 aNd isyypho, iNPUt phase current iyp i, and input
capacitor current icj, for two switching cycles. Further, it shows the values of AQ), t1, and ¢, in the bottom
plot. The input capacitance is calculated using (5.24). This results in (5.35).

1 L AL — 1, 1 (Vo = Vo) 1 AL — 1,
= = (2 ) (p- 1| |- (p_ )+ 20
G 2AV{n (Vi,n%(m‘i‘ D) ) ( 2) s)(m I D) s+ D)

5.1.6 Bidirectional Converter DCM

The inductance that results in DCM is equal to the expression of the interleaved buck converter in DCM,
given in (5.9). Further, because Dpcym + A1 < 0.5 for the complete operating region, the expression of the
output capacitance is also equal to the interleaved buck converter in DCM, given in (5.13). The derivation
of the input capacitance is equal to that of the interleaved buck-boost. The input phase current is given
by (5.36).

5.36
0, for Dpepnds <t < % ( )

V-V
Yot for 0< t < DpomT:
iphin(t) = { Lo = F = Foomts
The duty cycle Dpcy is calculated using (5.11) from the interleaved buck converter. The input capacitor
current is calculated from (5.23). The plot of the currents in the upper switch phases igyypn and iswupn2,
the input phase current iy, and input capacitor i, are shown in Figure 5.7b for two switching cycles.
Finally, from (5.24), the input capacitance is calculated from (5.37).

IinL

Cin - m <DDCMTS — H) ‘Iin — AIL| (537)
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Figure 5.7: Switch phase currents (top), input phase current (mid), and input capacitor current (bottom) of
the interleaved bidirectional converter, operating in discharge (buck) mode at maximum load (7.5A) with
maximum battery voltage (21V) at 100 kHz for two switching cycles.

5.2 Specifications and Component Values Interleaved Converters

The requirements of the interleaved converters are shown in Table 5.1. When a fault has occurred in one
of the phases of an interleaved converter, it operates in single-phase mode. This results in a significant in-
crease in the output voltage ripple. Therefore, the output capacitance is calculated from the single-phase
mode using the inductance calculated from the interleaved mode. In this way, the output voltage ripple
always is <1%. The calculation of the output capacitance required for interleaved converters is still use-
ful for several reasons. First, the difference in output capacitance required for an interleaved converter
and single-phase converter is shown. Second, the expected output voltage ripple during interleaved op-
eration is calculated from the output capacitance equations. Finally, the losses in the capacitors during

interleaved operation can be calculated using the model of the capacitor currents. The same holds for the
input capacitance calculations.

Table 5.1: Specifications of the interleaved converters.

Bidirectional | Buck-boost | 3.3V buck 5V buck

P, [W] 90.22 20.90 13.20 20

Vin VI 13.5t0 21 0to16.14 12 12

Vo VI 12 12 33 5

Io,max [Al | 7.52 1.74 4 4

Tomin IAl | 0.752 0.348 05 05

AV, IVI | 012 (1%V5) 012 (1%Vo) | 0.033 (1%Vo) | 0.05(1%V5)
AV [Vl | 1.05(5%Vi) | 0.76 (5%Vi) | - -
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5.2.1 Interleaved Bidirectional Converter

The calculated and used values for the inductance, input capacitance, and output capacitance are shown
in Table 5.2 for both CCM and DCM. For CCM, the worst-case conditions for the inductance and capacitors
are at maximum battery voltage. This was found in Chapter 3.2. Two input capacitors are required to han-
dle the current rating, and an additional capacitor is used as redundant capacitor. Note that a slightly larger
inductance is used than is calculated for DCM. The reason is that the smaller inductors available at Vishay
do not have a saturation current large enough to handle the current ripple. The inductance calculations are
done at minimum battery voltage, while the capacitor calculations are done at maximum battery voltage.
These are the worst-case operating conditions for DCM. In DCM, three input and output capacitors are
required to handle the current rating, and an additional capacitor is used as redundant capacitor.

Table 5.2: Component values calculated and used for the interleaved bidirectional converter.

5.2.2

CCM DCM
Interleaved | Single phase | Interleaved | Single phase

L calc [¢H] 17.10 34.20 0.443 0.887
L used [;:H] 22 0.47
Co calc [nF] 3.04 \ 24.35 170.56 \ 415.81
Co used [1.F] 15 198
Num Co used 2 + 1 redundant 3+ 1redundant
Total Co [.F] 45 792
Cin calc [.F] 2.33 [ 17.54 14.78 [ 32.71
Cin used [1.F] 22 28.2
Num Cin used 2+ 1redundant 3+ 1 redundant
Total Cin [uF] 66 112.8

Interleaved Buck-Boost Converter

Table 5.3 shows the calculated and used inductance and capacitance values. Note that though the calcu-
lated input capacitance required for CCM is smaller than for DCM, the actual capacitance used is larger.
The reason is that from the available capacitors from Kyocera, a capacitor of 22 pF' had the right current
and voltage rating such that only one capacitor is required.

Table 5.3: Component values calculated and used for the interleaved buck-boost converter.

CCM DCM
Interleaved | Single phase | Interleaved | Single phase

L calc [¢H] 31.33 62.66 6.18 12.32
L used [H] 33 5.6

Co calc [nF] 10.71 [ 55.65 33.95 [ 83.04
Co used [1F] 33 47

Num Co used 2 + 1redundant 2 + 1 redundant
Total Co [.F] 99 141

Cin calc [1.F] 1.97 | 882 493 | 11.46
Cin used [1.F] 22 10

Num Cin used 1+ 1redundant T+ 1redundant
Total Cin [uF] 44 30

5.2.3 Interleaved 5 V and 3.3 V Buck Converters

The calculated values and values used for the inductance and capacitance of the 5V buck converter are
shown in Table 5.4, while those of the 3.3V buck converter in Table 5.5.
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Table 5.4: Component values calculated and used for the interleaved 5V buck converter.

CCM DCM
Interleaved | Single phase | Interleaved | Single phase
L calc [1H] 14.58 29.16 1.82 3.64
L used [.H] 22 15
Co calc [.F] 473 [ 33.14 119.44 [ 369.14
Co used [1.F] 22 220
Num Co used 2 + 1reduntant 2 + 1reduntant
Total Co [.F] 66 660

Table 5.5: Component values calculated and used for the interleaved 3.3 V buck converter.

CCM DCM
Interleaved | Single phase | Interleaved | Single phase

L calc [1.H] 11.96 23.92 1.50 3.00
L used [H] 15 1.00
Cocalc[uF] | 1875 | 60.42 211.77 | 612.53
Co used [.F] 33 330
Num Co used 2 + 1reduntant 2 + 1reduntant
Total Co [.F] 99 990

5.3 Verification of Calculations and Waveforms

The expected waveforms from Chapter 5.1 are verified using simulations in Simulink. The calculated RMS
currents and voltage ripples are verified using these simulations as well. This is done for both interleaved
and single-phase modes of operation. In the simulations, the redundant capacitors are included and the
converters operate at maximum power. The simulation models are discussed in Appendix D.2.1.

5.3.1 Interleaved Bidirectional Converter
Output Capacitance

The currents corresponding to the output capacitance calculations in CCM are shown in Figure 5.8a. The
CCM simulated waveforms look similar to the expected waveforms from Figure 5.6. The only difference
that can be observed is that the peak of the output capacitor current is reduced by approximately a factor
of three. This is expected because three output capacitors are used in the simulation while only one output
capacitor is used in the expected waveform. The simulated waveforms for DCM are shown in Figure 5.8b.
For DCM was expected that the waveforms would look like the buck converter in DCM, shown in Figure
5.2b. Comparing these waveforms with the simulated waveforms, it can be confirmed that the bidirec-
tional converter in DCM has the same waveform as the buck converter in DCM. The differences are the
amplitudes, as well as the value of D and A;. Thus, for D+ A4 < 0.5, the model for the output capacitance
of the 5V buck converter and bidirectional converter in DCM are equal. Thus, it can be concluded that
the models derived for the output phase current and output capacitance required are correct for CCM and
DCM.

Input Capacitance

The simulated switch phase and input phase current corresponding to the input capacitance calculation,
shown in Figure 5.9, match the expected waveforms of CCM from Figure 5.7a and DCM from Figure 5.7b.
However, the simulated input capacitor current differs from the expected waveforms for both CCM and
DCM. In the derivations was assumed that the input capacitance is large enough to maintain a constant
voltage, resulting in an input current iciy = Iin — ipnjn for CCM and constant iciy = Ijn for DCM when
DT, <t < Ts/2. However, in the simulation ici, = 0 A in less than 1us indicating that the capacitors are
completely charged after this time. Thus, the assumption that the input current is constant due to the
input capacitance being large enough is incorrect. It is shown that the simulated waveforms match the
expected waveforms when the input capacitance is increased by a factor of 100. This is shown in Figure
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Figure 5.8: Simulated inductor phase currents (top), output phase current (mid), and output capacitor cur-
rents (bottom) of the interleaved bidirectional converter.

5.10, which provides the simulation using the increased Cj,. Comparing these with the expected wave-
forms in Figures 5.7a and 5.7b, there are only minor differences. The simulated waveforms exhibit some
charge and discharge behaviour, while the expected waveforms do not have this property. Additionally, the

magnitude of the input capacitor currents is reduced by a factor of 4 since there are four input capacitors
in the simulation while only one is in the derivation.

Simulated switch phase currents
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Figure 5.9: Simulated switch phase currents (top), input phase current (mid), and input capacitor currents
(bottom) of the interleaved bidirectional converter.
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Figure 5.70: Simulation of the input capacitor currents of the interleaved bidirectional converter with a 100x
increase of input capacitance for CCM (left) and DCM (right).

Currents and Ripples

The calculated and simulated currents and ripples in the inductor, switch, diode, output capacitor, and input
capacitor are shown in Table 5.6. This is shown for CCM and DCM, both for operating in interleaved mode
and single-phase mode. Note that the converter is operated in non-synchronous operation. For both CCM
and DCM, the RMS currents in all components, the output voltage ripple, and the input voltage ripple are
smaller for interleaved operation. This confirms the advantage of interleaving in terms of current sharing
and ripple reduction.

Table 5.6: Comparison of the calculated and simulated currents and ripples in the inductor, switch, diode,
and input and output capacitor of the interleaved bidirectional converter operating in CCM and DCM.

CCM DCM
Interleaved Single phase Interleaved Single phase
Calc Sim Calc Sim Calc Sim Calc Sim

D 0.571 0.583 0.571 | 0.586 0.150 0154 | 0.212 | 0.219
AT [A] 2.34 2.37 2.34 2.37 28.68 28.87 | 40.56 | 40.84
Tumax [Al | 4.93 4.96 8.69 8.72 28.68 28.87 | 40.56 | 40.84
Tirms [A] 3.82 3.82 7.55 7.55 8.48 8.51 1426 | 14.32
Towms [A] | 2.89 294 571 5.81 6.47 660 | 1078 | 11.17
Tprms [A] 2.50 2.45 494 484 5.55 5.38 9.33 8.97
TIpav [A] 1.61 1.54 3.22 3.09 1.61 1.51 3.22 2.97
Tcoms [A] | 0.056 0.066 0.225 | 0.229 2.34 2.35 3.03 3.05
AV, 0.068% | 0.095% | 0.54% | 0.54% 0.22% | 0.22% | 0.53% | 0.53%
Tcinms [A] | 0.466 0.150 1.25 0.205 2.00 0.82 2.47 0.83
AV, 0.176% | 0.023% | 1.33% | 0.041% 0.656% | 0.13% | 1.45% | 0.18%

In general, the calculated RMS and average diode current is slightly larger than the simulated value. On the
other hand, the calculated RMS switch current is slightly lower than the simulated value. This difference
between the calculation and simulation is due to the non-zero switch on-resistance, and non-zero diode on-
resistance and forward forward drop that are simulated. In the calculations, they were assumed to be zero.
Due to the losses created by these non-ideal components, the duty cycle is slightly larger in the simulation.
Thus, the switch conducts longer in the simulation, increasing the RMS current in the switch. The diode
conducts shorter, thus reducing the average and RMS current in the diode. Additionally, the simulated
inductor current ripple and the maximum inductor current are slightly larger than calculated. Again, this
is caused by the slightly increased duty cycle. Therefore, it can be concluded that the calculations of the
RMS currents in the switch, diode, and inductor are correct.

Further, the difference between the calculated and simulated output voltage ripples is very small. Thus, the
model of the output phase current is correct, as well as the output capacitance calculation. However, the
difference between the calculated and simulated input capacitor current and input voltage ripple is signif-
icant. It was already shown that the assumption that the input capacitance is large enough to maintain a
constant voltage is incorrect by comparing the expected waveforms with the simulated waveforms. This
can also be confirmed from the calculated and simulated Icinms and AVi, when Cjy is increased by 100,
shownin Table 5.7. In general, the simulated input capacitor RMS current and input voltage ripple is slightly
larger than calculated. Thus, it can be concluded that the model for the input phase current is correct and,
for Ciy large enough, the calculation of the input voltage ripple is correct as well.
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Table 5.7: Input capacitor RMS current and input voltage ripple when Cjy, is increased by 100.

CCM DCM
Interleaved Single phase Interleaved Single phase
Calc Sim Calc Sim Calc Sim Calc Sim
Tcinms [A] | 0.466 0.488 1.22 1.25 2.00 2.04 2.47 2.52
AVi, 0.0018% | 0.0079% | 0.0133% | 0.0128% 0.0066% | 0.0068% | 0.0145% | 0.0155%

5.3.2 Interleaved Buck-boost
Output Capacitance

The simulated waveforms of the interleaved buck-boost converter that correspond to the output capaci-
tance calculation are shown in Figure 5.11. The expected waveforms for CCM, shown in Figure 5.4a, are
similar to the simulated waveforms in Figure 5.11a. Again, since three output capacitors are used in the
simulation, the simulated output capacitor current is reduced by three compared to the expected wave-
form. For DCM was expected that the diode currents would not overlap and look like those in CCM, but
starting from O A. This can be confirmed by the simulated waveform from Figure 5.11b. Therefore, the
calculation of the output capacitance required in DCM is equal to the single-phase buck-boost converter.
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Figure 5.17: Simulated diode phase currents (top), output phase current (mid), and output capacitor currents
(bottom) of the interleaved buck-boost converter operating at MPP

Input Capacitance

The simulated waveforms corresponding to the input capacitance calculation are shown in Figure 5.12.
Similar observations as for the bidirectional are made. The switch phase currents and input phase currents
do match with the expected waveforms. The input capacitor current shows strong charge and discharge
behaviour. Therefore, the calculated input capacitor RMS current input voltage ripple is larger than the

simulated value. When the input capacitance is increased by 100, the simulated waveforms do match the
expected waveforms. This is shown in Figure 5.13.
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Figure 5.12: Simulated switch phase currents (top), input phase current (mid), and input capacitor currents
(bottom) of the interleaved buck-boost converter operating at MPP.
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Figure 5.13: Simulated input capacitor currents of the interleaved buck-boost converter, operating at MPP in
CCM (left) and DCM (right) with a 100x increase of input capacitance.

Currents and Ripples

The calculated and simulated currents and ripples in the inductor, switch, diode, output capacitor, and input
capacitor are shown in Table 5.8. This is shown for CCM and DCM, both for operating in interleaved mode
and single-phase mode. Similar observations as for the interleaved bidirectional converter are made. The
RMS currents are smaller for the interleaved operation, as well as the output and input voltage ripples. The
duty cycle in the simulation is slightly larger due to the non-ideal components. Thus, the simulated currents
in the inductor and switch are slightly larger than calculated. However, for the buck-boost converter, the

RMS diode currentis also slightly larger. Thus, it can be concluded that the calculations of the RMS currents
in the switch, diode, and inductor are correct.

The simulated output capacitor RMS current and output voltage ripple is slightly larger than calculated due
to the increased duty cycle. Therefore, it can be concluded that the model of the output phase current is
correct, as well as the calculation of the output capacitance. However, similar to the bidirectional converter,
the calculated input capacitor RMS current and input voltage ripple are larger than the simulated values.
When the input capacitor is increased by 100, the calculations and simulations do match. This is shown
in Table 5.9. Thus, it can be concluded that the input phase current model is correct and that for large Cj,
the calculation of the input voltage ripple is correct as well.
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Table 5.8: Comparison of the calculated and simulated currents and ripples in the inductor, switch, diode,
and output capacitor of the interleaved buck-boost converter operating in CCM and DCM.

CcCM DCM
Interleaved Single phase Interleaved Single phase
Calc Sim Calc Sim Calc Sim Calc Sim
D 0.442 0.451 0.442 0.452 0.210 0.261 0.298 0.307
AT [A] 2.03 2.07 2.03 2.07 5.69 5.83 8.05 8.23
TIumax [A] | 2.37 2.45 3.72 3.87 5.69 5.83 8.05 823
T ms [A] 1.47 1.53 277 2.84 2.27 2.33 3.81 3.93
Tswms [A] | 0.98 1.05 1.82 1.93 1.51 1.58 2.53 2.66
Ipms [Al 1.10 113 2.07 2.10 1.69 172 2.85 2.90
Ipav [A] 0.76 0.76 1.51 1.51 0.76 0.76 1.51 1.52
Tcomms [A] | 0.205 0.211 0.471 0.489 0.619 0.640 0.804 0.824
AV, 0.067% | 0.111% | 0.562% | 0.604% 0.241% | 0.250% | 0.589% | 0.600%
Tcinms [A] | 0.350 0.240 0.700 0.313 0.588 0.332 0.744 0.336
AV, 0.22% | 0.110% | 1.00% 0.24% 0.822% | 0.334% | 1.851% | 0.492%

Table 5.9: Calculated and simulated input capacitor RMS current and input voltage ripple of the interleaved
buck-boost converter when Cjy is increased by 100.

CCM DCM
Interleaved Single phase Interleaved Single phase
Calc Sim Calc Sim Calc Sim Calc Sim
Tcinms [A] | 0.350 0.349 0.700 0.716 0.588 0.606 0.744 0.777
AVi, 0.0022% | 0.0024% | 0.0700% | 0.0104% 0.0082% | 0.0085% | 0.0185% | 0.0202%

5.3.3 Interleaved 5 V Buck Converter

Output Capacitance

The simulated waveforms of the interleaved 5V buck converter operating in CCM are shown in 5.14a,
and for DCM in Figure 5.14b. They are shown for two switching cycles. The only difference that can be
observed from the expected waveforms from Figures 5.2a and 5.2b is that the amplitude of the output
capacitor current is reduced by a factor three. Again, three capacitors are used in the simulation while only
one in the derivation. Therefore, it can be concluded that the model derived of the output phase current
and capacitance required is correct.

Current and Ripples

The calculated and simulated currents and ripples in the inductor, switch, diode, and output capacitor are
shown in Table 5.10. This is shown for both CCM and DCM. Similar observations for the interleaved bidi-
rectional and buck-boost converters are made. The RMS currents are smaller for the interleaved operation,
as well as the output voltage ripple. The duty cycle in the simulation is slightly larger due to the non-ideal
components. Thus, the simulated currents in the inductor and switch are slightly larger than calculated,
while the simulated currents in the diode are slightly smaller than calculated. Finally, the difference in
output voltage ripple is really small. This confirms that the output capacitance calculation is correct.
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Simulated inductor phase currents
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Figure 5.14: Simulated inductor phase currents (top), output phase current (mid), and output capacitor cur-
rents (bottom) of the 5V interleaved buck converter.

Table 5.10: Comparison of the calculated and simulated currents and ripples in the inductor, switch, diode,
and output capacitor of the 5V interleaved buck converter operating in CCM and DCM.

CCM DCM

Interleaved Single phase Interleaved Single phase
Calc Sim Calc Sim Calc Sim Calc Sim

D 0.417 0.432 0.417 | 0.432 0.189 | 0.193 | 0.267 | 0.274
AT [A] 1.33 1.37 1.33 1.37 8.82 8.94 12.47 | 12.71
Ti max 1A 2.66 2.68 4.66 472 8.82 8.94 12.47 | 12.71
Tirms [A] 2.04 2.05 4.02 4.03 3.43 3.46 5.77 5.82
Tswms [A] 1.31 1.35 2.59 2.66 2.21 2.29 372 3.87
Tpms [A] 1.56 1.54 3.07 3.02 2.62 2.59 4.47 4.36
Tpav [A] 117 113 2.33 2.25 117 112 2.33 2.24
Tcoms [MA] | 36.5 314 1276 | 1325 914.0 | 939.9 | 1384 1411

AV, 0.072% | 0.062% | 0.50% | 0.53% 0.18% | 0.19% | 0.56% | 0.57%

5.3.4 Interleaved 3.3 V Buck Converter

The current waveforms of the inductor phase currents, output phase current, and output capacitor current
are similar to the 5V buck converter. Hence, only the calculated and simulated currents and ripples are
compared. This is shown in Table 5.11 for operating in CCM and DCM, and for interleaved and single-
phase modes of operation. Similar observations as for the interleaved 5V buck converter are made. The
simulated duty cycle is slightly larger than calculated due to simulating non-ideal components. This, in
turn, increases the simulated inductor and switch currents slightly, while reducing the simulated diode
currents slightly. Additionally, this increases the simulated voltage ripples slightly as well compared to the
calculations. Thus, it can be concluded that the models of the interleaved and single-phase 3.3V buck
converter is correct and equal to those of the 5V buck converter.
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Table 5.711: Comparison of the calculated and simulated currents and ripples in the inductor, switch, diode,
and output capacitor of the 3.3 V interleaved buck converter operating in CCM and DCM.

CcCM DCM
Interleaved Single phase Interleaved Single phase
Calc Sim Calc Sim Calc Sim Calc Sim
D 0.275 0.294 0.275 | 0.296 0112 | 0117 | 0.159 | 0.167
AT [A] 1.60 1.70 1.60 171 9.78 1015 | 13.83 | 14.42
I.max [A] | 2.80 2.87 4.80 4.86 9.78 10.75 | 13.83 | 14.42
ILms [A] | 2.05 2.06 4.03 4.03 3.61 3.68 6.07 6.19
Tswms [A] | 1.08 113 2.1 2.20 1.89 2.02 3.19 3.42
Ipms [A] | 1.75 1.73 3.43 3.38 3.08 3.08 517 516
Ipav [A] 1.45 1.47 2.90 2.81 1.45 1.40 2.90 2.79
Tcoms [A] | 0.0953 | 0.0960 | 0.154 | 0.165 1.06 111 1.52 1.58
AV, 0.19% 0.22% | 0.61% | 0.66% 0.21% | 0.23% | 0.62% | 0.64%

5.4 Losses Interleaved Converters

The losses in the switch, diode, inductor, and output capacitor are considered, similar to the single-phase
converters. The losses in the input capacitor losses of the bidirectional and buck-boost converter are not
considered to have a fair comparison between the losses in the single-phase and interleaved converters. In
general, due to current sharing, the current in the switch, diode, and inductor of a phase of an N-phase in-
terleaved converter is reduced by a factor N compared to a single-phase converter. This is shown in (5.38).

I
Liint = 530 (5.38)

The subscript = denotes the component (inductor, switch, or diode), the subscript int that it corresponds to
a phase of the interleaved converter, and the subscript 1ph that it corresponds to a single-phase converter.
The equations of the RMS currents for the single-phase converters were shown in Tables 3.3 and 3.4. In
the analysis, the following assumptions are made:

+ The current is shared equally among the phases of the interleaved converter.

- The same components are used for the interleaved and single-phase converters.

5.4.1 Losses in the switch

The conduction losses in the switch of an N-phase interleaved converter are reduced by N, shown in (5.39).

P o Isw,1ph,rms 2 RoeN — Psw,cl,1ph 539
sw,clint — T DS = T ( . )

Here, Iswintms 1S the RMS current in the switch of a phase of the interleaved converter, Isypnms the RMS
current in the switch of a single-phase converter, Rps the drain-source on-resistance.

The total switching losses of the switches in the interleaved converter are not reduced compared to a
single-phase converter. This is shown in (5.40).

1 Tswon1ph Tswoff1ph
Psw,fs,int = 2sz,off( SW]O\? P ton + SW;V P toff FsN = Psw,fsﬂph (540)

Here, Fs is the switching frequency, Vit iS the voltage the switch blocks when turned off, ton and o

are the turn-on and turn-off time of the switch, and Isyon1pn @nd Isyorr1pn the current that the switch of a
single-phase converter must switch when turned on and off.
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5.4.2 Losses in the diode

The total conduction losses of the diodes in the interleaved converter are reduced compared to a single-
phase converter, but not by a factor N. The reason is the losses due to the forward voltage drop of the
diode are not reduced by N. This is shown in (5.47).

2 1'2
Pogjjnt = (VfID'?:gph + (ID'm;Jph> RD,OH) N = Vilpayiph + D'r?vs'mh Rpon (5.47)
Here, V; is the forward voltage drop of the diode, Ip,y1pn the average diode current of the single-phase
converter, In,ms1ph the RMS diode current of the single-phase converter, and Rpo, the on-resistance of the
diode. Compared to a single-phase converter, the total switching losses in the diodes of the interleaved
converter are increased by a factor IV, shown in (5.42). Here, C; is the junction capacitance, Vi the reverse
voltage blocked, and Fy the switching frequency.

1
PD,fs,mt = quRstN = PD,fs,1th (5-42)

5.4.3 Losses in the inductor

The total DC conduction losses in the inductors of an interleaved converter are calculated using (5.43).
Here, I ims is the RMS inductor current, and Rpc the DC resistance of the inductor. Thus, the total conduc-
tion losses of the inductors are reduced by a factor N compared to a single-phase converter.

P o IL,rms,1ph 2R N = PL,DC,mt 543
LDCint = T DCLY = T ( : )

Similar as for the single-phase converters, the core losses in CCM are evaluated using the core loss calcu-
lator provided by Vishay, and for DCM by using this tool to obtain the Steinmetz coefficients [97]. The total
core loss for an interleaved converter is shown in (5.44), which shows the generalised Steinmetz equation.

(03

AB
1-D)Ts

Pv,int = Ve

k(AB™™ (| AB
Ts DT,

DTSJr’

(1-D) TS> N (5.44)

In CCM, the duty cycle is the same for an interleaved converter and a single-phase converter. Thus, for the
same inductor, Al i = A 5. Therefore, the total core losses in an interleaved converter are increased
by a factor of N compared to a single-phase converter when the same inductor is used. For DCM, the
duty cycle decreases by a factor 1/v/N compared to a single-phase converter. Thus, AB is decreased by
a factor 1/4/N. Since the core loss depends non-linearly on AB, the exact change can not be predicted.
However, the combined losses will be larger than for the single-phase converter but less than a factor of
N as for CCM operation.

5.4.4 Losses in the output capacitor

The losses in the output capacitor considered are conduction losses only. They are calculated in (5.45).

PCo,int = Igo,rms,intRESR (5-45)

Here, Icorms iS the RMS current in the capacitor, and Resg the equivalent series resistance of the output
capacitor. In Chapter 5.3 was shown that the RMS current in the output capacitor of the interleaved con-
verters is reduced compared to a single-phase converter. Therefore, the conduction losses in the output
capacitors are reduced compared to a single-phase converter.
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5.5 Results of Loss Calculations

5.5.1 Efficiency Curves

The efficiency of the interleaved converters for the CCM and DCM design as a function of the output power
is shown in Figure 5.15. From Chapter 5.1, the output phase current of the interleaved converters operates
in CCM before the phase currents become CCM. Table 5.12 summarises the conditions and corresponding
values. Thus, when the phase current is DCM, the model for the DCM currents of the inductor, switch, and
diode are used in the analysis. Similarly, the core loss in DCM is used. The crossover point from operating

in DCM to CCM phase current of the CCM design is visible in Figure 5.15, for example at P, = 6 W for the
5V buck converter in Figure 5.15d.
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Figure 5.15: Efficiency curves of the interleaved converters for CCM and DCM.

Table 5.12: Condition and value of the output current for the output phase current and phase inductor current
to operate in CCM of the interleaved converters.

Tono is CCM I, is CCM
Condition Value Condition Value
5V Buck I > Bl 0.331A I > 2070 1334
3.3VBuck I, > 220l 0399A I, > 20p10) 160A
. e . D(Vip—Vo) 0.152 A at Vbat,rm’n D(Vip—Vo) 0.606 A at Vbat,rm’n
Bidirectional I, > TLEN . 0584Aat Vi Io > =3+ 234 A at Vgt e
Buck-Boost I, > ;2o 0.909A I > YBU=D) 1937

For the 3.3V and 5V interleaved buck converters, the CCM design is more efficient than the DCM design
for the complete power range. However, for the interleaved bidirectional and buck-boost converter the
DCM design is more efficient at low power than the CCM design. At low power, the core losses are low
due to the low current ripple for both the CCM and DCM design. However, the inductor conduction losses
are significantly larger for the CCM design due to the increased winding resistance. Hence, at low power,
the DCM design is more efficient. At increasing power, the core losses for the DCM design increase sig-

52



nificantly. The core losses for the CCM design remain constant when the phase inductor current reaches
CCM. Therefore, the efficiency at large power is larger for the CCM design than for the DCM design.

5.5.2 Losses in Components

Figure 5.16 shows the losses in each component of the interleaved converters operating at maximum
power. The losses are shown as a percentage of the power rating of the corresponding converter. Similar
observations as for the single-phase converters in Section 3.4 can be made. The converters operating
in CCM have a higher efficiency than the converters operating in DCM. This is caused by the significant
increase of inductor core losses in DCM [14].

For the CCM design, the losses in the output capacitor are sufficiently small that they are barely visible. The
capacitor losses are increased significantly for the DCM design. The losses in the diode are a significant
part of the losses. The main contribution of the diode losses is due to the forward voltage drop [11]. It
is found that the losses due to the forward voltage drop of the diode contribute to 90% of the total diode
losses for the 5V and 3.3V interleaved buck converters, 75% for the interleaved bidirectional converter,
and 65% for the interleaved buck-boost converter. Therefore, the efficiency of these converters can be
improved by implementing synchronous operation [100]. Though the same diode is used, the losses in the
diode of the 3.3V buck are larger than for the 5V buck. This is because the duty cycle for the 3.3V buck is
lower, hence the diode conducts longer. It can be concluded that the CCM design results in a significantly
more efficient system than the DCM design. Therefore, the interleaved converters will be operated in CCM.

Losses in the components of each converter
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Figure 5.76: Losses in the switch (SW), inductor (L), diode (D), and output capacitor (Co) of the interleaved
bidirectional (Bidi), PV buck-boost (PV), 3.3V buck (3.3V), and 5V buck (5V) converters at maximum power.

5.5.3 Comparison Interleaved and Single-Phase Converters

The losses in the interleaved converters are compared to the losses in the single-phase converters from
Chapter 3.4.6 to verify if the interleaved converters are more efficient. In Figure 5.17, the total losses in
each converter are shown for the interleaved and single-phase converters operating in CCM and DCM. For
DCM, the combined losses in the interleaved converters are 19.27 W while in the single-phase converters
20.86 W. Thus, a reduction of 7.62% is achieved. For CCM, the sum of the losses of the interleaved con-
verters is increased by 12.74% compared to those of the single-phase converters. Though the losses in the
interleaved bidirectional and 3.3V buck converters are lower than the single-phase converters, the losses
in the buck-boost converter are increased significantly. This causes the total losses for the interleaved
converters to be larger than the single-phase converters in CCM.

Further, it can be concluded that the losses in CCM are lower than in DCM for the interleaved convert-
ers, similar to the single-phase converters. The efficiency is improved by 90.42% when operating in CCM
compared to DCM. Therefore the interleaved converters are operated in CCM. A more thorough analysis
is made for the losses in CCM to see what causes the increase in combined losses for the interleaved
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converters compared to the single-phase converters. The losses in each component for every converter
operating in CCM are shown in 5.18. For all converters hold that the losses in the switch, diode, and out-
put capacitor of the interleaved converters are reduced compared to the single-phase converters. On the
contrary, the losses in the inductors are increased. The combined losses in the interleaved bidirectional
converter are reduced by 5.37% compared to the single-phase converter, while for the interleaved 3.3V
buck converter by 9.00%. However, the combined losses in the interleaved buck-boost are increased by
118.54% compared to the single-phase converter, and for the interleaved 5V buck converter by 1.26%.

Losses in the components of each converter
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terleaved (int) and single-phase (1ph) converters op-
erating in CCM and DCM.

Figure 5.18: Comparing the losses in each compo-
nent of the interleaved (int) and single-phase (Tph)
converters operating in CCM.

From Chapter 5.4, when a two-phase interleaved converter is compared to a single-phase converter with
the same components, the following is expected:

- E1. The total conduction losses in the switches are reduced by a factor of two.
- E2. The total conduction losses in the diodes are reduced by less than two.

-+ E3. The total switching losses in the switches and diodes remain the same.

+ E4. The total conduction losses in the inductors are reduced by a factor of two.
- E5. The total core losses are increased by a factor of two.

+ E6. The losses in the output capacitor are reduced significantly.

However, the inductors used for the interleaved converters are different than for the single-phase convert-
ers. Their inductance is approximately halved, increasing the current ripple. This increases the conduction
losses slightly in the switch, diode, and output capacitor compared to E1, E2, and E6. However, it is difficult
to predict the change in conduction and core losses of the inductors compared to E4 and E5 since they
depend on the properties of the inductors used. The choice of inductors is based on the available induc-
tors from the SGIHLP series of Vishay, which offers the inductors in space-grade and non-space-grade
variants. Therefore, the effect on the conduction and core losses as a result of the reduced inductance for
the interleaved converters is investigated further. The contribution of the switching losses and conduction
losses in each component of the interleaved converters is shown in Figure 5.19. Note that the core losses
in the inductor are categorised under switching losses.

The expected reduction in the conduction losses in the switch, diode, and output capacitor of the inter-
leaved converters can be confirmed for each converter in Figure 5.19. The losses in the switches of the
interleaved converters are reduced by slightly less than two, the losses in the diodes are reduced by less
than two, and the losses in the capacitors are reduced significantly. The difference between the losses in
the inductor for the converters is not consistent, however. This can be explained by the choice of inductors
used. The properties of the inductors used for the interleaved and single-phase converters are provided
in Table 5.13. For the single-phase converters, only inductors with an oversized DC current rating Ipc have
the required saturation current. Therefore, though their inductance is larger, their DC resistance Rpc is
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Figure 5.19: Comparison of the switching and conduction losses in each component of the interleaved con-
verters and single-phase converters operating in CCM.
lower than for the interleaved converters. Note the significant increase in footprint area and volume of the

inductors of the single-phase converters.

Table 5.13: Comparison of the properties of the inductors used for interleaved and single-phase converters.

Bidirectional Buck-boost 5V buck 3.3V buck

Int 1ph Int 1ph Int 1ph Int 1ph
L[uH] 22 47 33 75 22 33 15 33
Inc [A] 1.7 135 37 12 47 7.25 51 7.25
Ropc [mQ] 21.28 17.31 110 29.77 70.5 36.2 47 36.2
Footprint[mm?] | 360.4 6/73.2 1579 | 673.2 157.9 | 360.4 1579 | 360.4
Volume [mm?] 3157.3 | 10260.3 9819 | 10260.3 9819 | 3157.3 9819 | 3157.3

For the interleaved bidirectional and 3.3V buck converters, the combined conduction losses in the induc-
tors are reduced compared to the inductor of the single-phase converters. This is because the difference
between Rp¢ of the inductors for the single-phase and interleaved converters is small. For the interleaved
5V buck converter, Rpc is approximately twice as large as for the single-phase converter. Therefore, the
combined conduction losses in the inductors are approximately equal to the losses in the inductor of the
single-phase converter. For the interleaved buck-boost converter, however, Rpc is almost four times as
large as for the single-phase converter. Thus, the resulting combined conduction losses are nearly two
times larger than for the inductor of the single-phase converter.

The core losses of the interleaved converters are increased significantly compared to the single-phase con-
verters. The core loss of the interleaved bidirectional converter is increased by a factor of 7.15 compared
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to the single-phase converter. Similarly, the core loss for the interleaved buck-boost converter is increased
by 12.06, for the 5V buck by 5.76, and for the 3.3V buck by 9.35. Two changes are made in the inductors
of the interleaved converters compared to the single-phase converters. The inductance is reduced and
the core volume is decreased for the interleaved converters. The former increases the change in flux den-
sity AB, increasing the core losses. The influence of the latter is determined from the core loss tool from
Vishay [97]. It is found that the core losses are increased for an inductor with the same inductance but
a smaller core volume when operated in the same conditions. From the generalised Steinmetz equation
in (5.44), AB is increased when a smaller core volume is used due to the decrease of the core area A,
increasing the core losses. However, the core loss Py is directly proportional to the core volume V%, thus
reducing the core losses. Therefore, it can be concluded that the increase in AB increases the core loss
more than the decrease in Ve reduces the core loss. Because both the inductance and core volume are
reduced for the interleaved converters, the core losses are increased significantly.

It can be concluded that the conduction losses in the switch, diode, and output capacitor are reduced in
the interleaved converters compared to the single-phase converters. The switching losses in the switch
and diode remain unaffected. However, the inductor losses are increased due to a significant increase
in the core losses. Because the inductor losses in the interleaved buck-boost converter are increased
significantly, the combined losses of the interleaved converters are higher than those of the single-phase
converters. However, without the buck-boost converter, the losses are lower for the interleaved converters.
Thus, the rover can operate for a longer time before the batteries need to be charged using the interleaved
topology, but charging takes more time.

To improve the efficiency, the inductor losses can be reduced. The inductance can be increased, reducing
AB and therefore the core losses. Second, the core size can be increased because it was found that the
core losses are reduced when increasing the core size for the SGIHLP inductors from Vishay. This also
results in lower Rpc for these inductors, so the conduction losses are reduced as well. However, both
improvements come at the cost of increased size and weight of the inductors. Another improvement for
the efficiency is implementing synchronous operation where the diode is replaced by a switch. It is found
that the losses in the diodes are a significant part of the losses in the converters.

5.6 Gate Driver

The Infineon TEDN7146U EiceDRIVER is used as gate driver for the GaN switches. This section covers the
design of the gate resistor and bootstrap circuit used with the gate driver to drive the switches.

5.6.1 Gate Resistor

One of the advantages of GaN switches is their fast switching speed. However, fast switching also results
in a large voltage overshoot that can exceed the maximum voltage rating of the switch which can destroy
the device. Additionally, from Chapter 2.1, larger applied voltages increase the chance on SEBs. Thus, the
vulnerability to SEBs is increased during the voltage overshoot as well. The voltage overshoot is caused by
stray inductance when switching off. The voltage induced due to the stray inductance is given by (5.46).

di
VL,stray = Lstraydftl_ (5-46)

Thus, the induced voltage can be reduced by reducing the stray inductance Lgyray, O by limiting the current
slope di /dt during turn-off. Furthermore, high frequency oscillations occur due to LC resonance with the
parasitic inductances and capacitances of the device [110, 111]. This negatively affects the EMI emitted.
In addition, false triggering oscillations can occur where the gate voltage oscillates such that the device is
turned on and off repeatedly [112].

The aforementioned phenomena can be reduced by increasing the gate resistor [111]. The gate resistor
controls the switching speed of the GaN switches. The value of the gate resistor is calculated by (5.47) [113].

Vad — Vesin
Ro = ~qme (5.47)
dt GD
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Here, Vyq is the gate driver supply voltage, Vgsin the worst-case threshold voltage of the GaN switch,
dVps/dt the slope of the drain-source voltage during switching, and Cgp the gate-drain capacitance. Low
voltage switches do not have a recommended dVps/dt in their datasheet. In real applications, dVps/dt <
40V/ns [114]. Therefore, a worst-case value of 40V/ ns is used for the gate resistance calculation. Table
5.14 provides the values of the gate resistors used.

Table 5.14: Gate resistor values used for the interleaved converters.

5V and 3.3V buck | Bidirectional | Buck-boost
[Re | 7Q 9.090 100

Figures 5.20 and 5.21 show the drain-source voltage and drain current, and gate-source voltage and gate
current, respectively, of the 5V interleaved buck converter. In these figures, the influence of the gate resistor
is shown on the ringing and overshoot of the drain and gate voltage and current. The double pulse test
simulation used is discussed in Appendix E.1. From Figure 5.20, adding a gate resistance reduces the
drain-source voltage overshoot from 51.0V to 47.5V. Furthermore, the ringing in the drain-source voltage
and drain current is reduced, but only slightly. From Figure 5.21, there is no ringing present in the gate
voltage. The ringing of the gate current is reduced by adding the gate resistance.

The reduction in drain-source voltage overshoot is insufficient. The maximum voltage rating of the switch
is exceeded. Furthermore, the reduction in ringing and oscillations is inadequate. Similar observations are
made for the other interleaved converters. Therefore, a snubber network is added to mitigate these effects
further. The design is presented in Chapter 5.7.
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Figure 5.20: Influence of the gate resistor on the overshoot and ringing of Vps and Ip of the 5V buck converter.
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Figure 5.21: Influence of the gate resistor on the overshoot and ringing of Vgs and I of the 5V buck converter.
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5.6.2 Bootstrapping High Side Switches

For the GaN switches to be driven in full enhancement, the gate voltage should be 5V above the source
voltage. This poses no problems for low-side switches where the load is connected to the drain and the
source is at ground potential. However, for high-side switches, the load is connected to the source of the
switch. Thus, the voltage of the gate would have to be above the rail voltage. The gate voltage is controlled
using low-voltage logic referenced to ground. Therefore, the control signals need to be shifted to the source
potential. One of the most common methods for driving high-side switches is the bootstrap circuit [113]. Its
advantages are simple implementation and low cost. However, the drawback is that the on-time is limited
by the requirement to refresh the charge of the bootstrap capacitor [115].
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— — > Bootstrap discharge current path Figure 5.23: Bootstrap circuit including startup circuit
for buck converters [113].

Figure 5.22: Bootstrap circuit of a half-bridge gate
driver [113].

The bootstrap circuit consists of a resistor, diode, and capacitor. Figure 5.22 shows a common circuit
consisting of a gate driver for a half-bridge including bootstrapping circuitry. This is representative for
the interleaved bidirectional converter. When the high side switch Q- is turned off, the low side switch Q,
conducts and the source of @4 is at ground potential. During this time, the bootstrap capacitor is charged to
Vbp by the gate driver supply voltage Vpp through Rpeor @nd Dyeer. When Q1 is turned on, Chor IS cOnnected
between the gate and source of @, by the gate driver. This creates a floating voltage equal to the voltage
of Vereot=Vpo. In this way, a gate-source voltage of 5V is created. The bootstrap diode is reversed biased
and blocks the bootstrap capacitor voltage from the lower gate driver supply voltage Vpp. The gate charge
of Q7 is supplied by Cpoot. This creates a limitation regarding the on-time of the high-side switch. If Cyo
is not charged enough during the off-time of @1, its voltage drops until Q7 can not be turned on any more.

For the interleaved buck converters, the low-side switch is replaced by a diode. The Cyor charge path is
through the load to ground, instead of through the low-side switch to ground. This introduces a problem
when there is an output voltage present but zero load current. The diode is in blocking state so the source
of @4 can not be pulled down to ground potential. Instead, it sits at the output voltage. Furthermore, there
is no current to charge Cpoot. Thus, the bootstrap capacitor can not be charged at all [116]. To mitigate this
problem, a startup circuit consisting of a zener diode D, and an additional diode Dgart and resistor Rgart
is included. This is shown in Figure 5.23. The bootstrap capacitor is charged through Dgiart and Rgtart tO
zener voltage V;. The zener voltage should be larger than Vpp and, to prevent damage to the gate of the
GaN, switch below 6 V. Note that this method works when Vpe > Vi + Vipstart + Vrstart ONly. The drawback is
that the current through Dgiart and Rgtart IS permanent. Therefore, Rsart Should be as large as possible.

The bootstrapping method does not work for the buck-boost converter. Due to the inverted output voltage,
the Cpoot 1S charged to Vpp + Vj instead of Vpp. This is larger than the maximum voltage rating of the GaN
switch. Therefore, an isolated DC/DC converter is used for each switch. The drawback of this method is a
significant increase in the component count compared to the bootstrap method.

The value of the bootstrap components is calculated from the datasheet of the gate driver [117]. The value
of the start resistor Rgart is determined from simulations in LTspice, where the largest value of Rgrt iS
found such that the gate driver can operate during startup. The resulting values for each converter are
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similar, hence the same components are used. These are summarised in Table 5.15. Operation of the
bootstrap and startup circuits for each converter are verified using LTspice simulations.

Table 5.15: Overview of the bootstrap components used.

Cbool Rboot CVdd Rstart D, Dstart
220nF | 47Q | 470nF | 20kQ | DFLS130L | DFLS130L

5.7 Snubber Design

In Chapter 5.6.1 was found that adding the gate resistor results in insufficient reduction of the drain volt-
age overshoot and oscillations. An RC snubber network in parallel to the switch is used to mitigate the
voltage overshoot and oscillations further. However, designing the optimal values of the snubber network
is non-trivial [118]. In [119], it is shown that the power loss in the snubber network is determined by the ca-
pacitance. Thus, the capacitance must be as low as possible to limit the losses in the snubber network. In
[120], a simulation study has been performed to find the optimal snubber component values. The influence
of the snubber resistance is investigated to see the effect on the Vpg overshoot and losses in the snub-
ber resistance. This is done by changing the snubber resistance while keeping the snubber capacitance
constant. The same is done for the snubber capacitance.

The simulation study of [120] is adopted to find the optimal snubber component values for the interleaved
converters. This is done for the worst-case operating conditions to ensure the voltage overshoot remains
within the maximum rated voltage of the switch at all times. The worst-case conditions are at the maxi-
mum voltage seen by the switch and at the maximum current that the switch must switch during turn-off.
The latter occurs in single-phase mode. The double pulse test simulation used is discussed in Appendix
E.1. Because the simulation study is repetitive for each converter, only the buck converters are covered in
this section. The bidirectional and buck-boost converters are covered in Appendix E.2.

5.7.1 Snubber Interleaved Buck Converters

The same switch (EPC2014C) is used for the 5V and 3.3V interleaved buck converter. Furthermore, they
share the same bus voltage so the voltage seen by the switch is the same for the two converters. Finally,
their current rating is the same. Therefore, the same snubber component values can be used, and only
one simulation study has to be performed for both converters.

Figure 5.24 shows the drain-source voltage when switching off for different values of R, when C, = 1nF.
For R, = 1€, significant ringing is observed. By increasing the resistance, the ringing is more damped.
The overshoot is reduced when increasing the resistance from 1Q to 5 Q. However, increasing the resistor
further increases the overshoot and ringing observed. This is in accordance with the results obtained in
[119], where it is shown that increasing the resistance beyond a certain value increases the overshoot. The
losses in the snubber resistance for turn-off and turn-on are shown in Figure 5.25. When R, > 54, the
losses are barely affected by the snubber resistance value.

The drain-source voltage when switching off using different values of C; while keeping the resistance
fixed is shown in Figure 5.26. By increasing the capacitance, the ringing is more damped. Furthermore, the
overshoot is also reduced for increasing C,. Figure 5.27 shows the energy losses in the snubber resistance
for turn-off and turn-on using different values for C,. The losses increase exponentially for an increasing
capacitance. Thus, to minimise the losses in the snubber, the capacitance should be minimised. This isin
accordance with the results from [119] as well.

Because the losses increase rapidly for Cs > 1nF, a capacitance of 1nF is chosen. Furthermore, the resis-
tance of 5Q resulted in the lowest overshoot while still providing a significant amount of damping. There-
fore, the snubber values used are C, = 1nF and R, = 5. From Figure 5.25, the energy loss is 205.00 nJ.
This results in an average power loss of Ps, = EqnFs = 20.5mW. At maximum load, this reduces the ef-
ficiency by 0.103% and 0.124% for the 5V and 3.3V interleaved buck converter, respectively. Therefore,
these losses are negligible.

The drain-source voltage and drain current are provided in Figure 5.28. In this figure, the influence of adding
the snubber is shown on the ringing and overshoot of the voltage and current of the drain. The voltage
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Figure 5.24: Simulated drain-source voltage over-
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overshoot is reduced from 47.5V to 19.1V. Furthermore, the ringing of the drain-source voltage is almost
completely damped. Similarly, the negative overshoot of the drain current is reduced significantly at turn-
off, and the ringing is almost completely damped. Because a turn-off snubber is used, no reduction of
oscillation of the drain current at turn-on is visible. Thus, it can be concluded that the addition of the
snubber network mitigates the overshoot and oscillations sufficiently, which was not achieved by the gate
resistor alone. Table 5.16 provides the resulting snubber values of each converter.

Table 5.16: Snubber component values.

Bidirectional | Buck-boost | 5V buck | 3.3V buck
Cs | 2nF 500 pF 1nF 1nF
Rs | 4Q 15Q 5Q 5Q

5.8 Startup Circuit PES

The moment the batteries are connected to the system, no energy is available at the gate drivers and
microcontroller and all output voltages are at 0V. Thus, no Pulse Width Modulation (PWM) signals can
be generated and the switches can not be driven by the gate drivers. Hence, a startup system consisting
of two Low-Dropout Regulators (LDOs) is made. The startup circuit is shown in Figure 5.29. When the
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Figure 5.28: Drain-source voltage and current of the interleaved 5 V buck converter without and with snubber.

batteries are connected to the system, the microcontroller is off and hence @4 is open. Thus, the enable
pin of the LDOs is pulled high to the battery voltage and the LDOs are enabled. When the bidirectional
converter has regulated the bus voltage to 12V, the startup of the PES has completed. The microcontroller
pulls the shutoff pin high, enabling @4 and pulling the enable pins to ground so the LDOs are disabled.

The microcontroller and gate drivers are then powered by the 3.3V and 5V interleaved buck converters,
respectively.
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Figure 5.29: Startup circuit for powering the microcontroller and gate drivers.
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Chapter 6

Control Implementation of the
Interleaved Converters

The design of the hardware of the PES was presented in Chapter 5. However, to test the prototype of the
PES, control of the hardware is required. This chapter focuses on the implementation of the control for
each converter. First, in Section 6.1, the design of the controller for the bidirectional and buck converters
using voltage control is discussed. Next, the digitisation of the controllers and program flow on the micro-
controller is discussed in Section 6.2. Finally, Section 6.3 discusses the MPPT algorithm implemented for
the buck-boost converter.

6.1 Voltage Control of DC/DC Converters

When the load is constant and without external disturbances, open loop control suffices to regulate the
output of a DC/DC converter. However, the current drawn by the subsystems of the rover will change
continuously. Therefore, closed-loop control is required to regulate the output voltage of each DC/DC con-
verter. The output voltage can be regulated using voltage control or current control. Current control can
achieve higher bandwidths than voltage control, hence has better transient response [121]. However, cur-
rent control requires two control loops. This increases the complexity of tuning the controllers for stable
operation. Voltage control requires only one control loop, hence this method is adopted.

Voltage control can be easily implemented using a Proportional Integral (Pl) controller. The transfer func-
tion of the parallel PI controller in Laplace domain is given by (6.1).

D(s) _ Ko+ K

Gpi(s) = (6.1)

s
Here, K, and K; are the proportional and integral gains, respectively. Figure 6.1 shows the closed-loop
control block diagram for voltage control. The output voltage is subtracted from the reference voltage.
This error is the input of the PI controller. The output of the PI controller is the reference of the duty cycle

for the PWM generator. The PWM generator in turn provides the PWM signal for the switch of the DC/DC
converter.

Bidirectional | 5V buck | 3.3V buck
Vref e PI D .| pwmM bC Vo K, | 0.967 1.033 0.670
DC Ty | 7Tus 80 us 77.5pus
K, | 0.0870 0.0930 0.0603
K; | 738.16 700.28 468.71
Figure 6.1: Voltage control block diagram. Table 6.1: Pl controller parameters.

Tuning the PI controller can be done based on the small-signal transfer function of the plant it controls or
using heuristic methods. The Ziegler-Nichols closed-loop tuning method is an often used heuristic method
fortuning Pl controllers of DC/DC converters [122,123]. In this method, K is set to zero and K, is increased
until the ultimate gain K, is reached. At this gain, the system is marginally stable. The period T, of the
sustained oscillations is measured. Finally, the values of K, and K; are found from (6.2)-(6.3) [122].

Ky = 045K, (6.2)
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Kp

= 0.837, (6.3)

However, during simulations was found that K, and K; require some downscaling for stable operation.
The resulting values of K\, Ty, Kp, and Kj are provided in Table 6.1. The voltage regulation capability of the
Pl controllers is elaborated in Appendix D.3.

6.2 Control Implementation on Microcontroller

6.2.1 Discretisation of the Pl Controller

To implement the PI controller on the microcontroller, the transfer function of the Pl controller must be
transformed to the discrete domain. Discretisation of the integral action of the Pl controller results in an
approximation by a discrete summation. In [124] is shown that transforming (6.1) to the discrete domain
using the bilinear transform, and by using a first-order hold approximation for the integral action, the re-
sulting difference equation of the output D is given by (6.4). Here, wp = K/ K}, is the bandwidth of the PI
controller in rad/s, and Tsampie the sampling time of the output voltage. In this case, the voltage is sampled
once every time the control loop is executed. Hence, the sampling frequency is equal to the execution
frequency of the control loop.

WPITsamp\e

2

D[k+1}:Kp( ;

+ 1) e[k + 1] + K, (‘”P'Tsamp'e - 1) e[k] + D[K] (6.4)

For first-order hold, wsample > 10wp| to Obtain less than 3% error between the continuous and discrete con-
troller [124]. The wp, of the bidirectional converter is largest with 8.48 krad/s, thus Fsamp > 13.5kHz. How-
ever, the microcontroller used is the MSP430FR5969 and is a design constraint. It is a low-performance
microcontroller so its computation speed is limited, especially for floating-point operations. After optimis-
ing the code using fixed point representation, the control loop can run at approximately 35.7kHz for a single
controller. Since one microcontroller is used, each converter can run at only 8.9kHz. Usually, the sampling
frequency is chosen to be an integer of the switching period to avoid aliasing due to undersampling [125].

Thus, the sampling frequency for each converter is set to Fsamp = 5kHz.

6.2.2 Voltage Regulation Capability of Digital Controllers

The voltage regulation capability of the interleaved 5V and 3.3V buck converters and bidirectional con-
verter is discussed next. In general, though wsampie < 10wp, the digital controllers behave similarly to the
controllers in continuous domain, which is provided in Appendix D.3. The simulation models used for the
voltage regulation capability of the interleaved bidirectional, and 5V and 3.3 V buck converters are provided
in Appendix D.2.

Buck Converters

The voltage regulation capability of the digital controller of the 5V buck converter is shown in Figure 6.2.
Initially, the converter operates in steady state at an output current of TA. At 3ms, the output current
starts increasing exponentially to 4A in 10ms. The output voltage drops by 1.8% to 4.91V with minor
oscillations. When the inductor phase currents become CCM at I,=1.33 A, the output voltage increases
with some oscillations to its reference voltage. From this moment, the controller can regulate the output
to its reference with increasing load, showing only small drops and oscillations. When the output current
reaches 4 A, some overshoot of the output voltage occurs due to the sudden stop of load increase. After
a few oscillations, the output voltage is at its reference. However, some periodic steady-state oscillations
are still visible caused by aliasing due to the low sampling frequency of 5kHz.

Similar observations can be made for the voltage regulation capability of the digital controller of the 3.3V
buck converter, shown in Figure 6.3. The output voltage drops by 2.1% to 3.23 V. When the inductor phase
currents reach CCM, the voltage increases to its reference. However, the controller suffers more from
steady-state oscillations due to aliasing, both at steady-state at the start of the simulation and the end of
the simulation. Due to aliasing, the voltage ripple frequency is folded to a lower frequency. This is shown
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for the 3.3V buck converter in steady state at maximum load in Figure 6.4. The sampled output voltage
V,.» shows periodic oscillations at a frequency of 1.67kHz. This results in an additional output voltage

ripple in steady state at 1.67 kHz as well.

Output voltage interleaved 5V buck using digital controller
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Figure 6.2: Simulation of the interleaved 5V buck converter using the digital Pl controller under increasing
load conditions.
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Figure 6.3: Simulation of the interleaved 3.3V buck converter using the digital Pl controller under increasing
load conditions.

Bidirectional Converter

The voltage regulation capability of the interleaved bidirectional converter is provided in Figure 6.5. Similar
to the 3.3V buck converter, steady state oscillations occur at the start and end of the simulation due to
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Figure 6.4: Output voltage oscillations at steady state of the 3.3 V interleaved buck converter.

aliasing. Initially, the load current is 2 A and the converter operates in forced CCM where the inductor
current becomes negative. At 3ms, the load is increased exponentially to its maximum of 7.5TA in 10 ms.
Unlike the 5V and 3.3V buck converters, the output voltage remains regulated to its reference with some
oscillations and small drops. For the 5V and 3.3V buck converters was found that the output voltage is
regulated to its reference when the inductor currents become CCM. Therefore, it can be concluded that
the bidirectional converter can keep its output voltage to its reference because the inductor currents are
always CCM, even for DCM load conditions.

Output voltage interleaved bidirectional converter using digital controller
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Figure 6.5: Simulation of the interleaved bidirectional converter using the digital Pl controller under increasing
load conditions.

6.2.3 Modulation Strategy

The PWM signals are generated using the MSP430FR5969 microcontroller. This microcontroller is capable
of generating the ten PWM signals required for all converters. This is done using the internal timers TAQ,
TA1, and TBO of the microcontroller [126]. The timers are set in up/down mode because symmetrical
pulse generation is required for generating dead times in the bidirectional converter. Furthermore, creating
the time shift of T./2 between the two phases of each converter is easily implemented. The timers are
operated at their maximum frequency of 24 MHz. Thus, to obtain a switching frequency Fs = 100 kHz, the
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timers must count to CCRO = f—F'Z =120.

PWM Generation for Buck and Buck-Boost Converters

For the interleaved buck and buck-boost converters, the PWM signal of phase 1 is generated using output
mode 2: Toggle/Reset. The duty cycle D calculated by the Pl controller is converted to a count value using
equation (6.5) and written to the corresponding CCR1 register.

CCR1= D - CCRO (6.5)

The PWM signal of phase 2 is generated using output mode 6: Toggle/Set. The duty cycle in count number
format is calculated using equation (6.6), and is written to the corresponding CCR2 register.

CCR2 = CCRO — CCRI1 (6.6)

Figure 6.6 shows the resulting waveforms. The timer counts up to CCRO, and the PWM signals of phases
1T and 2 are toggled when the timer reaches the value stored in the CCR1 or CCR2 register, respectively.
The duty cycle of phase 2 is equal to that of phase 1. Finally, the PWM signal of phase 2 has a time shift of
T's/2 compared to the PWM signal of phase 1.
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Figure 6.6: PWM modulation strategy for the ,
two phases of the interleaved buck and buck- Figure 6.7: PWM modulation strategy for the two phases of

boost converters. the interleaved bidirectional converter.

PWM Generation for the Bidirectional Converter

The PWM generation of the interleaved bidirectional converter is more complex. The gate driver requires
synchronous operation to charge the bootstrap capacitor. This can be achieved using complementary
PWM generation. Ideally, when the converter is operating in DCM at light load, the synchronous switch
should be turned off when the inductor current becomes zero. Then, the inductor current does not become
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negative. However, as shown in [127], this introduces parasitic ringing of the inductor voltage and current
during turn-off conditions. This is caused by the inductor and parasitic switch capacitance. The result is
reduced efficiency and a significant increase of EMI. Therefore at light loads, the converter is operated at
forced CCM. The synchronous switch remains on until T and the inductor current becomes negative. The
drawback is increased losses in the inductor and switch.

In a practical half-bridge circuit, the switches have a finite turn-on and turn-off time. Furthermore, a finite
delay exists between the PWM generated by the microcontroller and the output of the gate drivers. To
prevent both switches from being on simultaneously, thus shorting the input voltage, a dead time must
be implemented. In the datasheet of the gate driver a blanking time of 80 ns is specified [117]. The com-
plementary PWM signals of the half-bridge of phase 1 are generated as follows. The output mode of the
upper switch is toggle/reset, while the lower switch is toggle/set. The count values corresponding to the
duty cycle of the upper and lower switch are calculated in (6.7)- (6.8), respectively. Here, t4eaq is in number
of clock cycles.

CCR1= D - CCRO (6.7)

CCR2 = CCR1 + feng (6.8)

Again, the PWM signals of phase 2 should have a time shift of T /2 compared to phase 1. This is accom-
plished by setting the output mode of the upper switch to toggle/set and the lower switch to toggle/reset.
The corresponding count values are calculated using (6.9)- (6.10).

CCR3 = CCRO — CCR1 (6.9)

CCR4 = CCRO — CCR2 (6.10)

Figure 6.7 shows the resulting PWM signals of the half-bridge of phases 1 and 2. A dead time of 800 ns
seconds is used for illustration purposes. The dead time between the upper and lower switches is main-
tained. Furthermore, a time delay of Ts/2 is implemented between the switches of phase 1 and phase
2.

6.2.4 Program Flow

The flow chart of the microcontroller is shown in Figure 6.8. It consists of two main routines, startup and
normal operation. First, when the batteries are connected, the PES needs to start up. The bidirectional
converter needs to regulate the bus voltage to 12V, while the 5V and 3.3V buck converter and the buck-
boost converter remain off. This is shown in Figure 6.8a. After the bus voltage has been reached, the
startup of the PES is completed and the LDOs are turned off. The controller goes to normal operation,
given by the flowchart of Figure 6.8b. An interrupt service routine periodically sets the flag to 1 to update
a converter. It runs at 32kHz to achieve an update frequency of 8kHz for each converter. Using the count
variable, only one converter is updated each time. Finally, the program flow of updating the bidirectional
and both buck converters is shown in Figure 6.8c. The output voltage is sampled, and the duty cycle is
calculated using the Pl controller of the corresponding converter. The MPPT algorithm is executed for the
buck-boost converter if the rover is charging, else the converter is disabled by setting the duty cycle to
zero. The MPPT algorithm flowchart is shown in Figure 6.9 and will be discussed in Section 6.3.

6.3 MPPT Algorithm Buck-Boost Converter

The power generated from the PV panel depends on the irradiance received and temperature of the PV
panel. Thus, to generate maximum power under different conditions, a MPPT algorithm is needed. Two
common used MPPT algorithms are Perturb & Observe (P&0) and hill climbing [128, 129]. The former
introduces a perturbation in the operating voltage of the PV panel, while the latter introduces a perturbation
in the duty cycle of the converter. They are known for their simple and low-cost implementation, especially
the hill climbing algorithm. Their main disadvantage is that they oscillate around the MPP point. In [128]
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Figure 6.8: Flow charts of the startup, normal operation, and update of the converters of the PES.

is shown that (P&O) has a faster response time than hill climbing. A fast dynamic response is required
for a grid-connected PV system. However, for a battery charging system, the dynamic response time can
be slow. Furthermore, no change in irradiance is expected when charging the batteries since there is no
atmosphere on the moon. Hence, hill climbing is adopted as the MPPT algorithm.

The hill climbing algorithm is shown in Figure 6.9. It introduces a perturbation in the duty cycle. Depend-
ing on the change in power and voltage, the controller determines if the duty cycle must be increased or
decreased to locate the MPP operating point. For example, when both the change in power and voltage
is positive, the controller must follow the trend of increasing the input voltage. Thus, from (6.11) follows
that the duty cycle must be decreased. This equation shows the relation between the input voltage, output
voltage, and duty cycle of the buck-boost converter.

v, = L= D% (611

Sample Vpvlk] and
Ipwik]

P = Vpu[k[*lpv[k]

[D[K] = D[K—1]+.-£'.D] [D[K] = D[K—1]+.-D.D] [D[k] = D[k-1]-4D ]

Dik] = D[k-1]-4D

Figure 6.9: Hill climbing MPPT algorithm [129].
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For the hill climbing algorithm the change in duty cycle AD is fixed. A tradeoff between fast dynamic
response and low steady-state oscillations exists. By reducing AD, the dynamic response is slower but
the controller exhibits lower oscillations in steady state. Since the dynamic response can be slow, a low
perturbation value of AD=0.001 is used to obtain low steady-state oscillations.

The results of the MPPT simulation are provided in Figure 6.10. The simulation model used is elaborated
in Appendix D.2.3. The initial irradiance of the PV panel is set to its maximum value of 1350 W/m?, and is
decreased to 500 W/m? at 0.03 s. Initially, the input capacitors connected to the PV panel are discharged,
and theinitial duty cycleis set to 0.35. At the start of the simulation the PV panel voltage increases because
the input capacitors are charged from the current generated by the PV panel. The duty cycle decreases
since both voltage and power increase. When the voltage has reached 16 V the MPP has been exceeded
and the generated power drops to 10 W. The duty cycle starts to increase the moment the power starts to
drop and keeps increasing until the MPP has been reached again after 0.022 s. Small oscillations of the
duty cycle and PV voltage and current are visible. However, the power generated is almost constant with a
ripple of 25 mW. Then, at 0.03 s, the irradiance is decreased to 500 W/m?2. After approximately 0.025s, at
t=0.055's, the MPP has been reached again and a constant power of 7.16 W is generated. The ripple in the
generated power is 1.8 mW. Thus, the MPPT algorithm can track the MPP under increasing and decreasing
irradiances in a relatively fast time with a negligible power ripple.
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Figure 6.70: Simulation of the MPPT algorithm of the interleaved buck-boost converter.
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Chapter 7

Simulations of the Complete Power
Electronic System

In Chapters 5 and 6 each of the interleaved converters and their control are simulated individually. In
the simulations of the interleaved buck and buck-boost converters, the DC bus was assumed to be an
ideal voltage source having the DC bus voltage. However, the actual DC bus voltage fluctuates since it is
regulated by the bidirectional converter. Further, the load of the bidirectional converter was assumed to
be resistive while in reality, two buck converters are present as load as well. In this chapter simulations of
the complete PES are done where all interleaved converters are connected to the DC bus. In this way is
verified if the converters perform similarly to their individual simulations and if stability is retained. Three
simulations are performed representing the three different scenarios for the PES. First, the PES during
startup is simulated in Section 7.1. Next, in Section 7.2 the voltage regulation of the converters is simulated
under changing load conditions. Finally, charging the batteries from the PV panel is simulated in Section
7.3. This simulation verifies the MPPT of the buck-boost converter and demonstrates the bidirectional
power flow capability of the bidirectional converter.

7.1 Startup of the Power Electronic System

During startup of the PES the 5V and 3.3V outputs are regulated by the LDOs instead of the interleaved
buck converters. When the bidirectional converter has regulated the bus voltage to 12V, the LDOs are
disabled and the buck converters are enabled. The load resistors are set as constant such that the output
currents are 0.5 A at nominal voltages. Appendix D.4 gives a detailed description of the simulation model
used. In Figure 7.1 the plot of the output voltages of the interleaved bidirectional converter, and the 5V
and 3.3V interleaved buck converters are shown. Initially, all capacitors are discharged. However, the
charging behaviour of the output capacitors of the buck converters is not shown. They charge almost
instantaneously because they are connected to ideal voltage sources representing the LDOs. A small drop
in output voltage for the 5V buck converter occurs until t=0.33 ms. This is due to the output voltage being
larger than the input bus voltage, therefore the body diode of the switch conducts. When the bus voltage
has exceeded 5V, the body diode stops conducting and the 5V output voltage is constant. The same
discussion holds for the small initial voltage drop at the 3.3V buck converter.

The output voltage of the bidirectional converter increases to its reference without overshoot in 2.9 ms. At
this moment the 5V and 3.3V bucks are enabled, where a small drop in output voltage is visible. This drop
is due to a small mismatch between the calculated initial duty cycle with the actual duty cycle required. The
outputs of the 5V and 3.3V buck converters are regulated to their reference value with small oscillations.
Similarly, the bidirectional converter has only minor oscillations when it reaches its reference of 12 V, visible
in the zoomed-in plot of the bidirectional output voltage.

Note that a feedforward scheme is used for the two buck converters when transiting power from the LDOs
to the buck converters. The initial duty cycle is calculated based on the output current at the moment the
converter is enabled. Without this feedforward scheme, a significant drop in output voltage occurs. If the
output current of the corresponding converter is too large at the moment the converter is enabled, the drop
in output voltage can exceed the minimum voltage of the microcontroller or gate drivers. Then, an end-
less loop occurs consisting of startup, enabling the buck converters, and shutdown of the microcontroller
and/or gate drivers due to undervoltage.
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Figure 7.1: Output voltages of the interleaved bidirectional, 5V buck, and 3.3 V buck converters during startup
of the PES.

7.2 Voltage Regulation of the Interleaved Converters

In this simulation all simulations from Section 6.1 are combined. The output voltage regulation of the 5V
and 3.3V buck converters and bidirectional converter under increasing load is simulated when they are
connected to the DC bus. The load of the 12V output, 5V buck and 3.3V buck converters are increased
exponentially from 1A to 4A in 10 ms at ¢ = 3ms, see Figure D.10 for the exact waveform of each of the
outputs. The resulting plot of the output voltages is shown in Figure 7.2. The bidirectional converter can
keep its output to its reference of 12V with small ripples, with a voltage ripple of approximately 0.625%
in steady state. These ripples are more significant than in Section 6.1, caused by the buck converters
connected to the bus in this simulation. Due to their nonlinear switching behaviour, the current drawn from
the output of the bidirectional converter is not constant as opposed to the simulation in Section 6.1.

The 5V buck converter has a similar transient response compared to the simulation in Section 6.1. The
output voltage drops until 4.9V, after which it is stabilised. However, more ripples occur, especially after
the reference has been reached. This is due to the ripple present in the bus voltage. In steady state, the
output voltage ripple is approximately 0.79%. The same discussion holds for the 3.3V buck converter. Its
output voltage drops to 3.23V, after which it is stabilised and the ripple in steady state is 0.61%. Thus, it
can be concluded that their voltage ripple is less than the intended 1%. Finally, it is observed that stability
of each converter is maintained. Therefore it can be concluded that the voltage regulation of the output
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voltages by the bidirectional, 5V, and 3.3V interleaved converters performs adequately and is similar to
the simulations of the individual converters.
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Figure 7.2: Output voltage regulation of the buck converters and bidirectional converter when connected.

7.3 Charging the Batteries From PV Panel

Similar to the MPPT simulation from Section 6.3, for this simulation the initial irradiance is 1350 W/m? and
is decreased to 500 W/m? at t=0.25s. Similarly, the initial input capacitors are discharged, and the initial
voltage of the output capacitors is set at the bus voltage of 12 V. The output currents of the 12V, 5V, and
3.3V outputs are 0.35A, resulting in a total power dissipation of 7.11W. Figure 7.3 shows the results of
the simulation. The initial duty cycle is set at 0.35 and does not correspond to the MPP operating point.
The MPPT algorithm finds the MPP after 0.022 s. After the irradiance drops to 500 W/m? at t=0.025 s, the
MPPT algorithm again locates the MPP operating point. Therefore, it can be concluded that the MPPT
algorithm works when all subsystems are connected. Further, the bus voltage remains regulated to its
reference of 12V with some oscillations.

When the irradiance is 1350 W/m?2, the average output current of the bidirectional converter is negative.
This is expected, since the power generated by the PV panel P,,>10 W while the total power at the loads is
7.11W. Thus, power flows from the bus to the battery. When the irradiance drops to 500 W/m? the power
generated by the PV panel drops to 4.5W. At this point, the average output current of the bidirectional
converter is positive. Thus, bidirectional power flow is achieved. The output current of the bidirectional
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Figure 7.3: Simulation results of the MPPT algorithm and bidirectional power flow of the complete PES.

converter shows a relatively large ripple of 0.9 A. In the derivation of Chapter 5 was assumed that the output
current of each converter is constant at constant load. Though the load is constant in this simulation,
the load is not resistive only but consists of the buck converters as well. Only when a switch of the buck
converters is closed current is drawn from the bidirectional converter. Therefore, a non-zero output current
ripple of the bidirectional converter occurs due to the switching behaviour of the buck converters.
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Chapter 8

Experimental Results Prototype

The design and efficiency of each interleaved converter were elaborated in Chapter 5, and their expected
operation was verified through simulations. Furthermore, Chapter 6 provided the voltage control design
and program flow on the microcontroller, together with the dynamic performance of each controller under
changing load conditions. Finally, in Chapter 7 the complete PES was simulated where all converters are
operated simultaneously. To verify the design of the PES and the simulations performed, a prototype of the
PES has been developed. This chapter provides the measurements on the prototype to provide experimen-
tal verification of the PES design and the simulations conducted. First, in Section 8.1, the prototype and
measurement setup are presented. Next, Section 8.2 provides the steady-state measurements. Finally,
Section 8.3 provides the dynamic performance of the 5V buck and bidirectional converter.

8.1 Prototype and Measurement Setup

A two-sided, six-layered Printed Circuit Board (PCB) has been developed for the prototype PES, having a
size of 95mm by 68 mm. In Figure 8.1a, the front side of the PCB is shown, which contains the interleaved
buck-boost and bidirectional converters, microcontroller, UART chips, and INA3221 power monitors. The
back side is shown in Figure 8.1b, which contains the interleaved 5V and 3.3V buck converters, and the
startup circuit. The PES prototype functionalities are measured using the following sources, loads, and
measurement equipment:

+ DC power supply 1: Delta Elektronika EST 150 Series: Two outputs with [0V, 20V] and [0 A, 2.5 A],
one output with [0V, 10 V] and [0 A, 5V]. This supply is used for supplying power to the 5V and 3.3V
outputs when the corresponding converters are not operated, as well as the bus voltage when the
bidirectional converter is not operated.

+ DC power supply 2: Delta Elektronika ES030-10 Series: 1 output with [0V - 30V] and [0 A, 10 A]. This
source is used for supplying the battery power at the input of the bidirectional converter.

- DC loads: 2x Elektro-Automatik EA-EL 3400-25 electronic load series. Resistance ranges from [0 €2,
400 Q] and has a power rating of 400 W. These are used as fixed loads for the steady state measure-
ments of the converters and as the dynamic load for the dynamic load performance measurements.

+ Oscilloscope: Yokogawa DLM3034.
+ Voltage probe: Keysight Technologies N2791A differential probe.
+ Current probes: Keysight Technologies N2782B snap-on probe.

8.2 Steady State Measurements

In this section, the measured steady-state performance of the converters at maximum load is presented.
Each of the converters has been tested in interleaved mode and single-phase mode. The interleaved bidi-
rectional and 5V buck converter have been tested in closed-loop control using the digital voltage controller
from Section 6.2, while the buck-boost converter and 3.3V buck converter have been tested in open-loop
control only. Due to time limitations, the 3.3V buck has not been operated in closed-loop control and no
measurements of the buck-boost converter utilising the PV panel have been carried out. In the steady-state
measurements, only one converter is operated at a time.
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Figure 8.7: Prototype PCB of the Power Electronic System.

8.2.1 Interleaved Bidirectional and 5V Buck in Closed Loop Control

The measured voltage and inductor phase currents of the interleaved bidirectional converter are shown in
Figure 8.2a. The ES030-10 is used as the input voltage source and is set at 21V, and the EA-EL. 3400-25 DC
load is set at 1.59 Q. Similarly, The measured output voltage and inductor phase currents of the interleaved
5V buck converter are shown in Figure 8.2b. The DC load is set to 1.25Q. For both the bidirectional and
5V buck converter, the output voltage is slightly higher than its reference. Further, it is observed that the
frequency of the output voltage ripple is 200 kHz, which is twice the frequency of the switching frequency
and hence the inductor current ripples. Thus, it is experimentally validated that the frequency of the output
voltage ripple is increased by the number of phases N, which was stated in Section 2.2.3.

The average currents in the two inductors of the 5V buck converter are almost equal. However, for the
bidirectional converter, the average inductor current from phase one I, is 0.43 A larger than I pp,. This
shows the current sharing issue that arises with practical interleaved converters [130]. Due to a small
mismatch between the phase inductances, the current between the two phases is shared unequally. The
inductors used have a tolerance of +£20%. This problem can be circumvented by implementing current
control, for example using average current control or by the duty cycle matching method [131, 132].

Table 8.1 provides the measured voltage ripples, current ripples, and power and efficiency measurements
of the interleaved bidirectional and 5V converter. These values are measured for interleaved operation and
single-phase operation. Several differences are observed by comparing interleaved operation with single-
phase operation. First of all, for the bidirectional converter, the average output voltage V;, 5y is 0.1V above its
reference for interleaved mode of operation. For single-phase mode, V55, is 0.2 V above its reference. Thus,
interleaved mode results in a regulated voltage that is closer to its reference. The same is observed for
the 5V buck converter. Interleaved operation results in a regulated voltage 0.1V above its reference, while
for single-phase operation 0.13V above its reference. The small mismatch between the regulated voltage
and reference is due to a small inaccuracy in the measured voltage. This is caused by the combination
of quantisation error due to the 8-bit Analog-to-Digital Converter (ADC) and the conversion from floating
point to fixed point representation in the control loop. The maximum quantisation error voltage V; e of the
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Figure 8.2: Measured steady state operation of the interleaved converters in closed-loop control.

ADC is defined as half of the Least Significant Bit (LSB), given by (8.1). Here, Vs = 2.5V is the reference
voltage of the ADC, and n = 8 the number of bits.

®.7)

Further, the resolution of the fixed point V4, is 7.81mV. Because of the voltage divider attenuation Ry,
the actual error in output voltage measured is increased by a factor Rgy;,. The resulting error in measured
voltage is calculated using (8.2). Thus, the observation that the voltage is regulated 7100 mV higher than the
reference is reasonable considering noise also deteriorates the accuracy of the voltage measurements.

(4.88 +7.81) - 1073 - 3.52 = +44.67 mV for the 5V buck

8.2
(4.88 + 7.81) - 1072 - 6.67 = £84.64 mV for the bidirectional ®2)

Vo,e = (qu,e + V;‘p,e)Rdiv = {

The second observation from Table 8.1 is that the duty cycle D for single-phase mode is larger than for
interleaved mode. For the bidirectional converter, D is 0.005 higher in single phase mode, while 0.029
higher for the 5V buck converter. As a result, the inductor current ripple A1 is also larger for single-phase
mode. For interleaved mode, A} pn1 # Al pno due to a mismatch in the inductance of the two phases.

Third, the output voltage ripple AV, for interleaved mode is decreased significantly compared to single-
phase operation. The voltage ripple is measured at the largest transition from a peak to a valley during one
switching period, or vice versa. This occurs, for example, at ¢t ~ 29 us and ¢ ~ 32 us for the bidirectional
converter from Figure 8.2a. For the bidirectional converter, AV, is decreased by a factor of 2.5, while for the
5V by a factor of 8.54. Thus, it is experimentally verified that the interleaved converters have the advantage
of decreased output voltage ripple compared to single-phase converters.

Finally, the efficiency for interleaved mode is higher than for single-phase mode. The efficiency of the bidi-
rectional converter is only 0.05% larger in interleaved mode, while the efficiency of the 5V buck converter
is 2.90% higher in interleaved mode. Thus, this confirms the advantage of interleaved converters in terms
of efficiency improvement compared to single-phase converters due to current sharing in the phases of
the interleaved converters.

8.2.2 Interleaved Buck-Boost and 3.3V Buck in Open Loop Control

The measured steady-state output voltage and inductor phase currents of the interleaved buck-boost and
3.3V buck converter operated in open-loop are shown in Figure 8.3a and 8.3b, respectively. For the buck-
boost converter, the EST 150 is used as the input source at 15.1V, and the EA-EL 3400-25 DC load is set at
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Table 8.1: Measured steady-state characteristics of the interleaved bidirectional and 5V buck converter.

Vo,av D Al AV, P, Pin n
Ph1:2.32 A o o
Bidirectional Int 1210V | 0.613 Ph2: 242 A 0.54% | 90.48W | 100.177W | 90.33%
1ph | 1220V | 0.618 | 2.64A 1.36% | 84.18W | 93.24W 90.28%
Ph1: 1.40 A o o
5V buck Int 510V 0.465 Ph2: 146 A 0.39% | 19.79W 22.44W 88.19%
1ph | 513V 0.494 | 1.53A 3.33% | 20.06 W | 23.52W 85.29%

6.89 QThis mimics the MPP operation of the PV panel. For the 3.3V buck, the DC load is set at 825 m¢.
Similar observations as for the interleaved bidirectional and 5V buck converter are made: the frequency
of the output voltage ripple is twice the frequency of the inductor current ripple, and the inductors show
unequal current sharing. The main difference is that the average output voltage is lower than intended. The
converters are operated in open loop using the ideal duty cycle calculated in Section 5.1. However, because
the converters have losses, the actual output voltage is lower than the ideal input-to-output voltage ratio.
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Figure 8.3: Measured steady state operation of the interleaved converters in open-loop control.

The measured voltage ripples, current ripples, and power and efficiency measurements of the interleaved
buck-boost and 3.3V buck converter are provided in Table 8.2. These values are measured for interleaved
operation and single-phase operation. The following observations are made by comparing the two modes
of operation. First of all, though the duty cycle is equal, the average output voltage V; 5, for interleaved op-
eration is higher than for single-phase operation. This indicates that the efficiency of interleaved operation
is higher than for single-phase operation. This is confirmed by the efficiency measurements. The effi-
ciency of the buck-boost converter is 3.56% higher in interleaved mode than in single-phase mode, while
the efficiency of the 3.3V buck is 4.28% higher in interleaved mode.

Second, the current ripple Al is larger for single-phase operation than for interleaved operation. The
output voltage in single-phase operation is lower, increasing the voltage across the inductor. From (5.17)
and (5.8), this increases the current ripple. Further, AI| yny # AL pn, due to a mismatch in the inductance
of the two phases, which is more prominent for the 3.3V buck. Finally, the output voltage ripple AV is
reduced significantly for interleaved operation. For the buck-boost converter, AV, is reduced by a factor of
2.90 in interleaved operation compared to single-phase operation, while the 3.3V buck a reduction of 2.31
is achieved. However, AV, of the 3.3V buck converter is 0.68% above the designed 1% AV,

8.2.3 Comparison Measurements With Calculations

In Section 5.3 was shown that the calculated output voltage ripples and RMS currents are close to the
simulated values, both for interleaved and single-phase operation. Therefore, only the calculated output
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Table 8.2: Measured steady-state characteristics of the interleaved buck-boost and 3.3 V buck converter.

Vo,av D Al AV, P, Pin n
Ph1: 1.78 A o o
Buck-boost Int 10.92V | 0.446 Ph2: 180 A 0.51% | 177.25W | 21.14W | 81.60%
1ph | 1028V | 0.446 | 1.89A 1.48% | 15.32W | 19.63W | 78.04%
Ph1: 1.54 A o o
3.3V buck Int 294V 0.277 Ph2: 171 A 1.68% | 11.50W | 13.68 W | 84.06%
1ph | 274V 0.277 | 1.68A 3.88% | 11.01W 13.80W | 79.78%

voltage ripple and efficiency of each converter are compared to the measured values to provide experimen-
tal validation of the models derived and simulations performed for the output voltage ripples and converter
efficiencies.

Output Voltage Ripple

The calculated and measured output voltage ripples of the converters operating in interleaved and single-
phase mode are provided in Table 8.3. In general, the measured voltage ripples are larger than the cal-
culated ripples, both for interleaved and single-phase operation. In the calculations, the assumption was
made that the components are ideal. However, in the real converters, the components have a finite para-
sitic resistance and inductance. In [133] is shown that the Equivalent Series Resistance (ESR) of the output
capacitors can increase the output voltage ripple significantly.

Table 8.3: Calculated and measured output voltage ripples.

Bidirectional Buck-boost 5V buck 3.3V buck
Int 1ph Int 1ph Int 1ph Int 1ph
AV cale 0.07% | 0.54% | 0.06% | 0.56% | 0.07% | 0.50% | 0.19% | 0.50%
AVomeas | 0.17% | 1.36% | 0.51% | 1.48% | 0.39% | 3.33% | 1.68% | 3.88%

For the bidirectional converter, the measured voltage ripple is increased by a factor of approximately 3,
both for single-phase and interleaved mode of operation. Similarly, the measured ripple for the 5V buck
converter is increased by approximately 6, and for the 3.3V buck by approximately 8 both for interleaved
and single-phase mode of operation. The difference in ripple of the buck-boost converter is larger, where
the measured ripple in interleaved mode is increased by a factor of 9, while for single-phase by a factor of 3.
Since this is still in the same order of magnitude, it can be concluded that the calculations and simulations
of the voltage ripples are correct under the assumption that the components are ideal.

Efficiency Interleaved Operation

The calculated and measured efficiencies of the converters operating in interleaved mode are provided
in Table 8.4. In general, the measured efficiency is slightly lower than the calculated efficiency. For all
converters, there are several sources of additional losses that are not considered in the efficiency calcula-
tions. First of all, the losses in the snubber network are not considered. Second, the losses in the bootstrap
startup resistor and diode are present during all efficiency measurements. Third, the power dissipation of
the gate drivers is not considered, as well as the power dissipation of the microcontroller. Fourth, the resis-
tor divider networks used for measuring the voltages using the microcontroller also draw a small amount
of power. Finally, the PCB traces have finite resistance, introducing additional losses. In addition, the losses
in the output capacitor are increased compared to the calculations. The RMS currents in the capacitors
are larger than calculated because the measured voltage ripple is larger than calculated, hence the con-
duction losses due to the ESR are increased. These factors combined result in a reduction of 3.01% and
3.44% in the measured efficiency compared to the calculated efficiency for the 5V and 3.3V buck con-
verters, respectively. Similarly, a reduction of 3.90% in measured efficiency is observed for the buck-boost
converter.

The measured efficiency of the bidirectional converter is reduced by 5.57% compared to the calculated
efficiency. In the efficiency measurement, the startup circuit is used to power the gate drivers and micro-
controller. Since the LDOs of the startup circuit are very inefficient due to the large voltage drop (21V to
5V and 3.3 V) with an output current around 100 mA, a drop of 5% in efficiency can be expected. Further,
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Table 8.4: Calculated and measured efficiencies of interleaved operation.

Bidirectional | 5V buck | 3.3V buck | Buck-boost
Neale | 95.9% 91.20% 87.50% 85.50%
Nmeas | 90.33% 88.19% 84.06% 81.60%

the isolated DC/DC converters for the gate drivers of the buck-boost converter are powered, increasing
the power drawn from the 21V input source. On the other hand, the bidirectional converter is operated in
synchronous rectification while in the calculations the freewheeling diode was used. From Section 5.5, the
losses in the diodes consist of 2% of the total losses, while the losses in the switch are negligible. Thus,
this increases the measured efficiency by 2%. With all the aforementioned reasons, a reduction of 5% in
efficiency can be expected. By disabling the startup circuit and powering the 5V and 3.3V by external
voltage sources, a significant improvement in measured efficiency is expected.

8.3 Dynamic Load Performance

First, the voltage regulation capability of the interleaved 5V and bidirectional converter with increasing
load is elaborated when operated individually, corresponding to the simulations in Section 6.2.2. Next, their
performance is evaluated when they are operated simultaneously with increasing load, which corresponds
to the simulation of Section 7.2.

8.3.1 Standalone Operation

The measured voltage regulation of the interleaved bidirectional converter is shown in Figure 8.4a. Initially,
the voltage is regulated to an average of 12.1,V and shows steady-state ripples similar to the simulation
from Section 6.2.2. Furthermore, the inductor currents become negative, thus the converter operates at
forced CCM. Then, at¢ =-7ms, the load is changed from R =6 Q10 R max = 1.59 2 in A¢ =10 ms. Similar to
the simulation in Figure 6.5, the output voltage is regulated close to its reference with only small drops and
oscillations. When the load has reached its maximum, steady-state operation is maintained at a regulated
voltage of 12.1V, showing periodic oscillations similar to the simulation in Figure 6.5. However, the inductor
currents show unequal current distribution where Iy o1 > 1) pno, sSimilar to the steady state measurements in
Section 8.2. Thus, it can be concluded that the voltage controller of the bidirectional converter can regulate
its output voltage for a load increasing from 26% to 100% of its rated value in 10 ms.
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Figure 8.4: Measured voltage regulation capability under increasing load.

The voltage regulation of the 5V buck converter, shown in Figure 8.4b, also resembles the simulation from
Section 6.2.2, shown in Figure 6.2. The DC load is changed from R = 5Q 10 R max = 1.25Q in At = 10ms.
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Three main differences between the simulation and measurements are observed. The first difference is in
theinitial steady-state, where oscillations are measured but not shown in the simulation. These oscillations
are expected due to undersampling of the output voltage ripple. Second, the maximum measured drop in
output voltage that occurs at ¢t =-7ms is 0.2V larger than for the simulation, indicating that the transient
response of the controller is slower for the implemented converter than for the simulated converter. Finally,
the measured output voltage at maximum load is regulated 0.1V higher than at the initial load.

8.3.2

The final experiment that is conducted is operating the interleaved bidirectional and 5V buck converter in
closed-loop control simultaneously under dynamic load. This corresponds to the simulation performed in
Section 7.2 without the 3.3V buck converter. The measured output voltages of the bidirectional and 5V
buck are shown in Figure 8.5. This figure also provides the inductor current of phase 2 of the 5V buck
converter to show the change in load profile. In this experiment, the DC load of the 12V output is changed
from 24 Q to 3Q in At =6ms, corresponding to I, = 0.5A and 4 A, respectively. Similarly, the load of the
5V output is changed from 5Q to 1.25Q in At = 6 ms, corresponding to I, = TA and 4 A, respectively.
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Figure 8.5: Measured voltage regulation capability of bidirectional and 5V buck operated simultaneously.

Comparing the simulation in Figure 7.2 with the measured voltage regulation in Figure 8.5, the following
observations are made. First of all, the measured output voltage ripples of the bidirectional converter
are larger than the simulated ripples. Second, the measured output voltage of the bidirectional converter
shows no steady-state oscillations at maximum load, which was shown in the simulation. Third, the output
voltage of the 5V buck converter shows no initial drop in output voltage and no oscillations in steady-state
at maximum load, which were shown in both the simulation in Figure 7.2 and the stand-alone operation
in Figure 8.4b. Further, the output voltage of the 5V buck converter is regulated at 4.95V initially, while
at 519V at maximum load. Finally, the output voltage of the bidirectional converter is regulated at 12.1V.
Thus, it can be concluded that the converters can regulate their output voltage slightly above their reference
under dynamic load while remaining stable. Therefore, both the design and operation of the converters and
their control are verified experimentally and are similar to the simulations with only minor deviations.
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Chapter 9

Conclusion

In this thesis, the design of the Power Electronic System (PES) for the Lunar Zebro is developed. The
primary objective of this design is to obtain a high level of efficiency, compactness, and the integration of
redundancy methods. It is found that interleaved converters provide the best tradeoff between increase in
size and redundancy added. In addition, the interleaved 3.3V buck converter and bidirectional converter
are more efficient than their single-phase counterpart. On the contrary, the interleaved 5V buck and buck-
boost converter are less efficient than their single-phase counterpart.

First, the effect of the bus voltage on the size and efficiency of single-phase DC/DC converters is explored.
Itis found that a 12V bus results in more efficient DC/DC converters compared to a 24V bus. An improve-
ment of 33.78% is achieved when operated in CCM, whereas operation in DCM demonstrates a 12.34%
improvement. Furthermore, the average power loss during operation is decreased by 13.02% using a 12V
bus compared to a 24V bus, operating in CCM. Therefore, it is concluded that a 12V bus voltage results in
the most efficient system, hence this bus voltage is adopted. Moreover, it is concluded that the 12V bus
results in a more compact system. First, it requires a lower inductance for a specified current ripple than a
24V bus. Itis found that the size of the inductors contributes to 59.5% of the total footprint area. Therefore,
opting for a reduced inductance results in a significant size reduction of the PES. Second, using a 12V bus
eliminates the need for an additional 12 V buck converter, further reducing the size of the system. Finally,
it is concluded that operating the single-phase converters in CCM is more efficient than operating in DCM
both for the 12V and 24V bus.

Subsequently, a comparative analysis of various redundancy methods is conducted to obtain the best
tradeoff between redundancy added and the footprint required. The analysis revealed that a PES using
interleaved converters including redundancy measures results in the lowest amount of footprint added,
with only an 8.59% increase compared to single-phase converters without redundancy. Furthermore, for
each converter short circuit or open circuit failure in a switch and diode, and open circuit failure of an output
and input capacitor are accounted for. In contrast, the N+1and 2N redundancy only account for failure in
a single component for each converter. Therefore, interleaved converters including redundancy measures
are used for the implementation of the PES.

The interleaved converters are designed using the 12 V bus configuration operating in both CCM and DCM.
It is found that operating the interleaved converters in CCM is more efficient than DCM, similar to the
single-phase converters. Operating the interleaved converters in CCM results in an improvement of 90.42%
in efficiency compared to DCM operation. Therefore, it is concluded that operating in CCM results in the
most efficient system.

The calculated efficiencies of the interleaved converters are compared to those of the single-phase con-
verters. For DCM operation is found that the interleaved design is more efficient than the single-phase
design in DCM, where the combined losses in the interleaved converters are reduced by 7.62% compared
to the single-phase converters. On the contrary, when operated in CCM, the interleaved design is less
efficient than the single-phase design. The combined losses in the interleaved converters in CCM are in-
creased by 12.74% compared to the single-phase converters in CCM. It is concluded that this increase in
losses is due to a significant reduction in efficiency for the interleaved buck-boost converter compared to
the single-phase topology. The efficiency reduction is caused by the increase in core and winding losses
for the inductors. The former arises from a reduction in inductance and smaller core size, while the latter
is from an increase in DC resistance. Finally, it is concluded that the efficiency of the PES using interleaved
converters is higher than the PES using single-phase converters during walking operation, but lower during
charging operation.

A functional prototype of the PES has been developed. Measurements on this prototype have provided
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experimental validation of the PES design. It is concluded that the measured steady-state operation of all
interleaved converters is similar to the modelled and simulated operation, as well as the measured volt-
age regulation of the 5V buck and bidirectional converters. Further, the models derived for the output
capacitance and efficiency calculations are verified. The differences between the measured and calcu-
lated values are due to non-idealities of components that have not been modelled, such as the influence
of the output capacitor ESR on the output voltage ripple. Finally, it is verified that the interleaved convert-
ers provide higher efficiency and lower voltage ripples than operating the same converter in single-phase
mode.

9.1 Future Work

In Section 2.1 was found that GaN is the most radiation-hardened of all switches. This type of switch
can handle switching speeds in the MHz range, however a switching frequency of only 100 kHz is used.
Increasing the switching frequency results in smaller passive components. From Figure 4.6 and Table 5.13,
the inductors of the interleaved converters including redundancy take up 59.5% of the total footprint area.
Thus, the size and weight of the system can be significantly reduced by increasing the switching frequency.
However, operating in the MHz range increases the effects of the parasitic capacitances and inductances.
The PCB design of the PWM signals and high-frequency current path of the converters should be optimised
to minimise these parasitics. Further, the parasitics should be modelled to verify they are not detrimental
to the circuit operation. Finally, a significantly faster microcontroller should be used to generate the PWM
signals at this frequency.

The second improvement involves the control. Currently, the converters are controlled using voltage con-
trol. Inthe measurements in Chapter 8 was shown that the inductor phases do not share the output current
equally. By using current control, this problem can be alleviated [131, 132]. Current control provides several
additional advantages over voltage control. First of all, it has a faster transient response since the output
capacitor is removed from the feedback path. Second, it responds to input and output voltage changes
immediately. Third, it has inherent cycle-by-cycle current limiting [134]. However, it requires two control
loops instead of one increasing the complexity of tuning the PI controllers. Additionally, it requires more
computation time of the microcontroller. The phase and gain margin of the system can be optimised by
modelling the closed-loop transfer function of the converter and the controller. By inserting poles and ze-
ros, the phase margin can be increased around the crossover frequency improving its transient response
[127].

In Section 5.3 was found that the model of the input capacitor current of the interleaved bidirectional and
buck-boost converter was incorrect. Hence, the calculated capacitance required and RMS current are too
large. In the derivation was assumed that the capacitance is large enough such that the capacitor current
shows no charge or discharge behaviour. However, in the simulations, it was observed that the capacitors
show strong charge and discharge behaviour. Therefore, a more detailed model of the currents in these
capacitors as a function of the converter parameters is needed to calculate the input capacitance required
and RMS current in the capacitor.

In the loss evaluation of the interleaved converters in Section 5.5 was found that the inductor core losses
are significantly larger for the interleaved converters compared to the single-phase converters. Additionally,
it was found that the forward voltage drop of the diode accounts for a significant part of the total losses.
Thus, a fourth improvement would be to reduce these losses to achieve higher efficiencies. The latter
can be improved by implementing synchronous operation, where the diode is replaced with a switch. The
disadvantage is that an additional gate driver circuit is required. Regarding the former, it was found that
the core losses increase because the inductance is reduced by half and the core volume is reduced. The
difference in core losses was the largest for the interleaved buck-boost converter where the core losses
are increased by a factor of 12.06. As a result, the interleaved buck-boost converter is significantly less
efficient than the single-phase variant. Similarly, the increase of core losses of the 5V interleaved buck
converter results in 109 mW more losses in the converter than in the single-phase variant. By increasing
the inductance and core size, the core losses decrease. Thus, the efficiency can be improved by increasing
the size of the inductors with the drawback of increased size and weight of the system.

Another improvement involves optimising the number of phases of the interleaved converters with respect
to efficiency. In [88] is shown that the efficiency is not necessarily increased by increasing the number
of phases but depends on the operating parameters of the converter. Furthermore, the value of the RMS
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current in the input and output capacitor depends on the number of phases and duty cycle of the converter.
For the output capacitor the RMS current can even become zero at certain conditions, for example using
two phases at D = 0.5 [88].

A sixth improvement can be made by optimising the redundancy in the PES with respect to the size and
weight of the system. In Chapter 4 was determined that the interleaved converters including redundancy
methods resulted in the best tradeoff between the amount of redundancy added and the lowest amount
of footprint added. However, no mathematical proof was given. By modelling the reliability of the PES
using different redundancy methods, the best tradeoff between the reliability and the size and weight of
the system can be obtained. One factor to consider involves optimising the number of phases of the
interleaved converters with respect to the reliability and size of the converters.

The experiments conducted in Chapter 8 do not validate all functionalities of the PES. The closed-loop
control of the 3.3V interleaved buck converter is not verified, as well as operating it simultaneously with
the rest of the PES under dynamic load. It is expected that this yields similar results as for the 5V buck
converter since the same topology and control are utilised. Further, the buck-boost converter utilising the
PV panel has not been tested, and the MPPT algorithm has not been verified. Finally, the bidirectional
power flow capabilities of the bidirectional converter should be verified as well.

The current design of the PES consists of the hardware and control required for supplying power to the
subsystems in the rover. However, more systems need to be implemented for the PES to be complete
for its mission. First of all, a Battery Management System (BMS) should be implemented to protect the
batteries from over- and undercharging, implement cell balancing, control the charging of the batteries
using a constant current and constant voltage mode scheme, and keep the batteries within the specified
temperature range. The BMS should also interface with the rest of the rover to provide the health and
status of the PES. Secondly, the gate drivers of the buck-boost converters are currently powered by COTS
isolated DC/DC converters. Instead, these should be space-grade, or isolated gate drivers should be used.
Finally, electrostatic discharge protection should be implemented to protect the system from the static
electric-charged moon dust.
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Appendix A

Mechanisms of Radiation Damage on
Power Electronics

A.1 Mechanism of Total lonising Dose

The mechanism of TID is shown in Figure A.1, which shows the band diagram of a device with an SiO-
dielectric where a positive gate voltage is applied. When radiation hits the dielectric, it creates electron-
hole pairs inside this dielectric. Because of the applied gate voltage and because the mobility of electrons
is high, the electrons that did not recombine are removed in picoseconds due to drift [17]. With the ab-
sence of electrons, recombination comes to a halt. The remaining holes that did not recombine have a
much lower mobility, and hop from adjacent traps in the valence band to the Si0,/Si interface. Deep
hole trapping occurs near the SiO5/Si interface, where naturally occurring defects are present where the
holes are trapped. Hydrogen atoms are created due to the hopping and trapping of holes, which creates
interface traps at the Si0,/Si [27, 135]. These traps are negatively charged for N-channel Metal-Oxide-
Semiconductor (NMOS) devices, thus compensating slightly for the positive charge build-up. The trapped
holes can recombine with electrons that tunnel from the Si to the S0, which increases with increasing
temperature, but happens slowly [17]. This compensates for the positive charge build-up slightly as well.
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Figure A.1: Trapping mechanism of TID in an N-MOS SiO,, with a positive gate voltage [17]

The interface traps and the trapped holes at the SiO,/Si interface decrease the carrier mobility for both
N-MOS and P-MOS devices. For an N-MOS device, the threshold voltage is shifted down. Because of the
trapped holes in the oxide, the inversion layer in the channel is created more easily. However, the increase
in the threshold voltage is slightly compensated due to the charge at the interface traps. Additionally,
the drain-to-source leakage current is increased. For a P-MOS device, the opposite is true. The trapped
holes increase the voltage required to create an inversion layer, increasing the absolute threshold voltage.
Furthermore, the trapped holes reduce the leakage current. Thus, failure due to TID is less of a problem in
P-MOS devices [17].
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A.2 Mechanism of Single Event Burnout

A21 IGBT

When incoming heavy ions travel through the high electric field region of the IGBT when it is in blocking
state, the electric field strength is shifted from the n~/p~ boundary to the n=/n™* boundary. This is shown
in Figure A.2, which shows the electric field distribution at three times after radiation has hit. This shift
is due to the local current created by the electron-hole pairs in the blocking region. The electric field at
the n=/n™ boundary results in impact ionisation. Impact ionisation is explained in Appendix A.3.1. The
carriers that are freed due to impact ionisation are injected into the n~ region (the base of the parasitic
pnp transistor). This results in the parasitic npn transistor to turn on, and electrons are injected into the
n~ region. With both parasitic transistors on, latch up of the parasitic thyristor has happened. Both the
charges created from impact ionisation and thyristor latch up results in the SEB [52].
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Figure A.2: Electric field distribution around the blocking region of an IGBT at different moments in time after
radiation has hit the device [52].

A.2.2 MOSFETs

The mechanism of a SEB in Si MOSFETs is due to latch up or going into secondary breakdown. When
heavy ions travel through the high electric field region of the MOSFET when it is in blocking state, the peak
of the electric field strength is shifted from the p~body/n~drift junction to the n=drift/n* junction and
is increased in magnitude. This causes impact ionisation, where more carriers flow into the base of the
parasitic transistor (the p-type body of the MOSFET), causing it to turn on locally. This results in more
current flowing, resulting in a peak in the electric field at the drain. This results in more impact ionisation,
which increases the current of the parasitic transistor and a positive feedback loop is created [23]. When
a SEB occurs, this process continues until the device is destroyed.

The main mechanism of SEB in SiC MOSFETs is due to the shift in the electric field and the punch-through in
the n+ source diffusion region, not due to the parasitic npn transistor action as is the case for a SiMOSFET
[57]. This is similar to a SiC diode [20]. When heavy ions travels through the high electric field region of the
MOSFET when it is in blocking-state, the peak of electric field strength is shifted from the p~body/n~drift
junction to the n—drift/n™ junction and is increased in magnitude. This results in impact ionisation, and is
shown in Figure A.3 from line t1 to line t3. The peak at Oum shows that punch-through of the electric field
happens at the n™ source region. Both the impact ionisation and punch-through create highly localised
currents that can result in a SEB. Note that the parasitic npn transistor can be turned on during the SEB,
but has negligible effect on the destruction [20] [47].
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at different times after radiation hit the device [20].

A.2.3 Diodes

When heavy ions create electron-hole pairs in the high electric field region when the diode is reversed
biased, the electric field distribution transforms to a hammoc-like shape with two peaks at the p/n~ and
n~/n™ boundary due to space charge effects [21]. This is shown in Figure A.4, where line 1 corresponds
to normal voltage blocking operation at 1e-13s after radiation has hit. Line 2 and 3 correspond to two
different times after radiation has hit the device and where the electric field is shifted. The two electric field
spikes visible at line 2 cause double-sided impact ionisation. This creates highly localised currents with
a negative differential resistance. The negative differential resistance causes an increase of the current
while the voltage decreases, which is due to a decrease in the breakdown voltage [52]. Due to the double-
sided impact ionisation the current increases locally, so the current density also increases locally resulting
in a positive feedback loop. This is similar to the effect causing secondary breakdown [6]. At line 3, punch-
through at the anode occurs and the diode acts locally as a resistor, because it has a positive differential
resistance and has a linear increase of the electric field at the n~/n* boundary [21]. Due to the high local
currents, the device heats locally and can result in destruction [52].

A.3 Physics Power Electronics

A.3.1 Impact lonisation

Impact ionisation is the process where the covalent bond of a silicon atom is broken and an electron is
liberated when an electron hits the silicon atom, and this electron gained its kinetic energy from an electric
field inside the semiconductor. This electric field is from the reverse voltage at the depletion region in
case of blocking state of the device [73]. When the liberated electron gains enough kinetic energy from the
electric field to again break a covalent bond and liberate an electron from a silicon atom, avalanche occurs.
This process repeats quickly, resulting in a large current that can destroy the device. The voltage at which
the electric field is large enough to produce avalanche is known as the avalanche breakdown voltage.

A.3.2 Secondary Breakdown

Secondary breakdown is the process where the device is destroyed due to a highly localised power dissi-
pation. This localised power dissipation increases the temperature at this local spot to the degree that it
destroys the device. It does not originate from impact ionisation [73]. Secondary breakdown happens due
tothermal runaway. This process is defined as follows. Minority carriers have a negative temperature coef-
ficient of resistivity, thus their resistivity decreases with increasing temperature. This results in an increase
in the power dissipation for a constant voltage. If the temperature increase due to the increased power
dissipation is larger than the rate of heat removal, then a positive feedback loop is created. If the current
density is nonuniform, local thermal runaway can occur at places with a larger current density, resulting in
local destruction of the device. This process is called secondary breakdown.
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Appendix B

Calculation of core losses in DCM

In Chapters 3.4 and 5.4, the core losses for the DC/DC converters in DCM are presented. These are based
on curve fitting the core losses in CCM using the core loss tool provided by Vishay [97]. Here, the method
is presented.

The core losses in DCM can be calculated using the generalised Steinmetz equations. However, this re-
quires knowledge of the Steinmetz coefficients «, 8, and k;, as well as the core volume V¢, core area A, and
number of turns N of the inductor. These values are not provided by Vishay. Vishay provides a core loss
calculator tool for operating in CCM, but not for DCM. Therefore, the unknown parameters are found by
curve fitting the core losses in CCM using the core loss tool provided by Vishay using Matlab. This is done
by writing the generalised Steinmetz equation as function of the input voltage. The input voltage is varied
in the core loss tool and the resulting core loss is determined. In this way, all parameters are fixed except
the input voltage. Since there are six unknown variables, the core loss at at least six input voltages need to
be found using the core loss tool. The generalised Steinmetz equation is repeated in (B.1) for convenience.

_ k(@AB* [|aB® AB |*
Po=Verim— | | DT+ D% (1-D)Ts (B.1)
Al
AB=1L B.2
NAC ( )

B.1 Buck Converters

For a buck converter, the duty cycle, current ripple, and flux density ripple as function of the input voltage
are given by (B.3)-(B.5).
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Substituting in B.1 and simplifying, the resulting expression is given by (B.6).
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B.2 Boost Converter

For a boost converter, the duty cycle, current ripple, and flux density ripple as function of the input voltage

are given by (B.7)-(B.9).
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Substituting in B.1 and simplifying, the resulting expression is given by (B.10).
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B.3 Buck-Boost Converter
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For a buck-boost converter, the duty cycle, current ripple, and flux density ripple as function of the input

voltage are given by (B.11)-(B.13).
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Substituting in (B.1) and simplifying, the resulting expression is given by (B.14).
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Appendix C

Redundancy Interleaved Buck and
Bidirectional Converter

In Chapter 4.3, the redundancy measures taken for the interleaved converters were explained to make them
fault-tolerant. For the buck converter, two additional output capacitors are required. Furthermore, a fuse
in series with the input and output of each phase leg is placed. The resulting topology is shown in Figure
C.1. For the interleaved bidirectional converter, one additional input capacitor and two additional output
capacitors are placed. Again, a fuse is placed in series with the input and output of each phase leg. The
resulting topology is shown in Figure C.2.
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Figure C.1: Interleaved buck converter including redundancy measures.
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Figure C.2: Interleaved bidirectional converter including redundancy measures.
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Appendix D

Simulink Simulation Models

D.1 Solar Panel Simulation

To find the power rating of the PV panel DC/DC converter, the MPP power must be known at the ex-
pected irradiance. The peak irradiance encountered on the moon is approximately 1350 W/m? [136]. The
rover will operate between 60° and 90° longitude, while the solar panel is at 90° with the surface when
charging. Thus, in worst-case conditions, the maximum angle of the solar irradiance is 30°, receiving
I = 1350sin(120°) ~ 1170 W/m?. The MPP power in the datasheet is specified at 1000 W/m?. Thus,
to find the power generated at maximum and worst-case solar irradiance, a Simulink simulation is made,
which is shown in Figure D.1.

out.pv_current1

out.pv_power1

‘ out.pv_voltage1
Test Voltage1

Figure D.1: Simulation model for determining the maximum power generated by the PV panel.

|

. '

The solar cell is exposed at a constant irradiation, while the voltage at its terminals is ramped up. This
is done for an irradiance of 1170 W/m?2, and 1350 W/m?2. The parameters used in the simulation for the
PV cells used, the AzurSpace 3G30A cells, are based on the datasheet. Table D.1 provides the simulation
parameters used. Table D.2 provides the resulting MPP voltage, current, and power under the worst-case
and maximum irradiance.

Table D.1: Simulation parameters of the PV panel sim-

ulation
PV simulation parameters: Table D.2: MPP values of PV panel for worst-case and
Short circuit current cell Isc 0.5196 A maximum irradiance.
Open circuit voltage cell Voc 2.69V
MPP voltage cell Vuee | 2.400V 1170 W/m? | 1350 W/m?
MPP current cell Tvpp 0.5029 A Vwep | 1512V 15.14V
Series connected cells Ns 6 Tvpp 1.195A 1.380 A
Parallel connected cells N, 2 Puer | 18.07W 2090W
Temperature coefficient Voo | AVoe | -0.1%/°C
Temperature coefficient Isc | Al | 0.1%/°C
Temperature T 25°C

D.2 Simulations of the Interleaved Converters

Throughout the thesis, multiple Simulink simulations of the interleaved converters are elaborated. In this
appendix, the Simulink models used are presented together with the corresponding configuration param-
eters for each simulation. The Simulink models of the interleaved bidirectional converter, buck converters,
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and buck-boost converter are shown in Appendix D.2.4, D.2.5, and D.2.6, respectively. The controllers of
each converter are made as submodules and are presented in Appendix D.2.7. The general simulation
parameters used for each converter are provided in Table D.3.

Table D.3: General simulation parameters of the interleaved converters.

General simulation parameters Bidirectional | 5V buck | 3.3V buck | Buck-boost
Converter Parameters

Rated power Prax 90.22W 20W 13.2W 20.95W
Switching frequency Fy 100 kHz 100kHz | 100kHz 100 kHz
Inductance phase 1and 2 Ly, L, 22 uH 22 uH 15 uH 33 uH
Output capacitance Co1, Co2, Co3 15 uF 22 uF 33 uF 33 uF
Input capacitance Cinm, Cin2, Cinz | 22 uF - - 22 uF
Upper resistance of divider | Ry 1.02MQ 700 kQ 300k 1.02MQ
Lower resistance of divider | R, 180 k2 300 k2 300k 180 k2
On-resistance of switch Row 12mQ 12mQ 12mQ 12mQ
On-resistance of diode Rp 27.5m 14.3mQ | 14.3mN 65.3 MmN
Forward voltage drop diode | V% 433mV 290mV | 290mV 329 mV
Controller parameters

Sampling frequency Fsample 5kHz 5kHz 5kHz 5kHz
Proportional gain K, 0.087 0.093 0.0603 -
Integral gain K 738.16 700.28 468.71 -

Anti windup limits [irmin, Fmax] [-1,1] [1,1] [1,1] -

D.2.1 Steady State Simulations

In Chapter 5, the models derived of the interleaved converters are verified using simulations. A steady state
simulation is done at maximum power of each converter, and the results were discussed in Section 5.3.
For all four converters, the voltage controller in continuous domain from Figure D.5 is used. Note that for
the bidirectional converter, no synchronous operation is used in this simulation. Hence, the gate signals
Gateland Gate2 are for the upper switches SW_UT and SW_U2, while the gate signals of the lower switches
are set to zero. For all converters, the output resistor Rj..q iS Set at the constant Ryesistor. NOte that for the
buck-boost converter a DC source and resistor are used as input and output, respectively, just as for the
bidirectional and buck converters. The initial conditions of the inductor currents for the buck converters
and bidirectional converter in CCM are given by (D.1) and (D.2).

I, AL
Iiphip = 5 3 (b.1)
I, AL VT5(0.5— D)
lipnzo = 5 + == = T (D.2)
The initial inductor currents of the buck-boost converter in CCM are given by (D.3) and (D.4).
I, AL
1 =— - — D.
Lph1,0 9 9 (D.3)
o VoTs(D - 05) IO AIL
Iipnoo = 7 20-D) " 2 (D.4)

Finally, Table D.4 provides the operating conditions for the steady state simulations.
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Table D.4: Simulation parameters used for the steady state simulations.

Steady state simulation parameters Bidirectional | 5V buck | 3.3V buck | Buck-boost
Load resistance Ripag | 1.60Q 1.250Q 825mQ 6.87Q
Output load current I, 7.52 A 4A 4 A 1.75A

Initial inductor current phase 1 | Ipnio | 2.59A 1.34A 120A 547 4 mA
Initial inductor current phase 2 | Ijpnoo | 5.32A 247 A 2.30A 2.37A
Input voltage Vin 21V IAY, 12V 1518V
Output voltage Vo 12V 5V 3.3V 12V

D.2.2 Changing Load Simulations

The performance of the PI controllers of the bidirectional, 5V and 3.3V buck converters was simulated
in Section 6.1. In this simulation the ability to regulate the output voltage to its reference is tested under
changing load conditions. The output resistance of the converters is ramped down until the converters
operate at their rated power. The initial value of the load resistor is chosen such that the converters op-
erate in DCM. In this way, the difference in tracking speed in DCM and CCM can be compared. The load
resistor Rjaq IS Set at the ramp for all the simulations. Finally, the corresponding continuous voltage con-
trollers are used. The same simulations were carried out for the digital controller in Section 6.2, where the
corresponding digital controllers are used. Table D.5 provides the simulation parameters used.

Table D.5: Simulation configuration parameters for simulating a changing load for the voltage controllers.

Changing load simulation parameters | Bidirectional | 5V buck | 3.3V buck
Initial load resistance Rivadgp | 692 5Q 3.3Q
Initial load current Ioo 2A TA TA

Final load resistance Rioad 1.60Q 1.25Q 825mQ
Final load current I 7.52A 4A 4A

Ramp time from Rjoag,0 10 Rioad | tramp 10ms 10ms 10ms

D.2.3 Maximum Power Point Tracking Simulation

The MPPT simulation of the interleaved buck-boost converter was carried out in Section 6.3. The Simulink
model used is given in Figure D.4. In this simulation the capability of the MPPT algorithm of the buck-
boost converter to find the MPP is tested for both increasing irradiance and decreasing irradiance. The
implementation of the MPPT algorithm in Simulink is shown in Figure D.9. The initial irradiance is set
at the maximum of 1350 W/m?2. The input capacitors are initially discharged to simulate that no power is
generated earlier but that it starts generating at the start of the simulation. Hence, the capability to track an
increase in the irradiance is simulated in this way. When the controller has reached the MPP, the irradiance
is decreased to 500 W/m? to verify that the controller can track the MPP when the irradiance is decreased.
Table D.6 provides the simulation parameters used.

Table D.6: Simulation configuration parameters used for the MPPT simulation.

MPPT simulation parameters

Buck-boost converter:

Initial input voltage Vino | OV

Initial output voltage Voo | 12V

Initial duty cycle Dy 0.35

PV panel:

Temperature Try | 25°C

Initial irradiance Io 1350 W/m?
Final irradiance I 500 W/m?
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D.2.4 Interleaved Bidirectional Simulation Model
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Figure D.2: Simulink model of the interleaved bidirectional converter.
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Interleaved Buck Simulation
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Figure D.3: Simulink model of the interleaved buck converters.



D.2.6 Interleaved Buck-Boost Simulation
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Figure D.4: Simulink model of the interleaved buck-boost converter.
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D.2.7 Controllers

In Figure D.5 the controller for voltage control of the 5V and 3.3V buck converters in the Laplace domain
is shown. It consists of the duty cycle calculation and the PWM generation. The error signal is fed into the
Pl controller which produces the duty cycle for the switches. Then, the PWM signal is generated from the
duty cycle. A delay of Ts/2 is implemented with the delay block for the required phase shift of Ty/2 for the
two switches of the interleaved converters. Finally, the controller can be disabled if the signal Buck enable
is zero, which will be the case when startup of the PES is simulated.

Duty cycle calculation PWM generation
D,
Buck enable
Vo_ref 5V jiviet +_
\—>i=01\—> PID(s) /" |
Vo —© qu >=1 TS _( 2 )
—p—o L>
>
2 ) 0 =
—1 0
Vo /)
[V

Figure D.5: Voltage control of buck converters in continuous domain.

The discrete implementation of the voltage controller is shown in Figure D.6. The difference between the
continuous controller are the rate transmission blocks Fsample, Fsamplel, and Fsample2. They are set
to the sampling frequency of 5kHz to mimic the control loop speed of the microcontroller. Additionally,
instead of the PID block in s-domain, the discrete Pl controller given by (6.4) is implemented using Simulink
blocks. This is shown in Figure D.7. It includes anti-windup of the integrator, an configurable initial duty
cycle, and saturation of the duty cycle. The PWM generation is the same as for the continuous domain.

Duty cycle calculation PWM generation
(D,
Buck enable| - BT ( Pl code implementation
Vo_ref_5V +_
Vref | m m \_.::1\ = ol Duty nl
Fsample1 w m

Fsample2 ==t »(2)
sample.
P = - Bty
mm| Vo_z =
o —(D
/ / 1 zZ Gate
Vo ‘l

‘ voz N ~

Vref q | ‘ ‘Duw D
Gatel | I
Gate2

Figure D.6: Voltage control of buck converters in discrete domain representing the microcontroller.
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Figure D.7: PI controller of microcontroller implemented using Simulink blocks.
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For the bidirectional converter, the duty cycle both in continuous domain and discrete domain is calculated
the same way as for the buck converters. However, the PWM generation is done differently than for the
buck converters. The PWM generation is the same for the continuous controller and digital controller.
The discrete implementation of the voltage controller of the bidirectional converter is shown in Figure
D.8. The dead time required is implemented by the logical AND operation between the gate signal and
the time shifted version of the gate signal, where the time shift is equal to the dead time. Further, the
lower switch has the logical NOT operation with respect to the upper switch to implement synchronous
operation. Finally, the time shift of Ts/2 for phase two compared to phase one is implemented using the
delay block, similar as for the buck converters.

Duty cycle calculation PWM generation @
(1

Pl code implementation Z.16 Duty

dead time delay6 AND
dead time6
dead time delay4

o,
Z Z-16

Vref
| out | dead time delay7
— 7 D AND ><oate7u7ph2]|
Gate_U_ph1p dead time7

Gate_U_ph2p

Fsample1

Buf
Vo_ref_bidi || 2 »—»@—» ol Dty
D 0

v

Gate_U_ph1
Gate_L_ph1
Gate_U_ph2
dead time4| Gate_L_ph2

dead time5

Figure D.8: Voltage control of bidirectional converter in discrete domain representing the microcontroller.

Finally, the discrete MPPT controller of the buck-boost converter is shown in Figure D.9. The increment
or decrement of the duty cycle is a logical XOR between the power check 'P[k]>P[k-1]" and voltage check
'VIk]>V[k-1]’ from Figure 6.9. This is implemented using the V logic and P logic blocks together with XOR
port. Further, an initial duty cycle can be set using the [D_init_bb] block. The output of the MPPT algorithm
is the duty cycle. The PWM generation is done in the same way as for the buck converters.
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PWM generation
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Figure D.9: Hill climbing algorithm and PWM generation in discrete domain for buck-boost converter.
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D.3 Voltage Regulation of Continuous Controllers

In Section 6.1, the parameters K, and K; of the PI controllers for the interleaved bidirectional and buck
converters are determined in the continuous domain. Here, the voltage regulation of these controllers for
each converter is presented.

D.3.1 Bidirectional Converter

The performance of the PI controller of the bidirectional converter is shown in Figure D.10. The simulation
model is elaborated in Appendix D.2.5. Initially, the load current is 2 A where it operates at forced CCM and
the inductor currents become negative. At 3ms, the load is increased exponentially to its maximum of
7.51Ain 10 ms. Because the converter operates at CCM at all times, it can keep its output voltage close to
its reference. Only minor oscillations and drops in voltage are shown.

Output voltage interleaved bidirectional converter

12.04 ‘ i
12.02 HHH 1l Vref |
s v iy
> 11.98 I ,ww i
11.96
11.94

o

utput current

[—

Inductor phase currents

Lph1

Lph2
[

Time [s] «1073

Figure D.70: Simulated voltage regulation of the interleaved bidirectional converter under increasing load.

D.3.2 Buck Converters

The performance of the Pl controller of the interleaved 5V buck converter is shown in Figure D.11. Initially,
the converter operates in steady state at an output current of TA. At 3ms, the current starts increasing
exponentially to 4 A in 10 ms. The output voltage drops by 1.8% to 4.91V. When the inductor phase currents
become CCM at I,=1.33 A, the output voltage increases until the reference voltage and shows damped
oscillations. When the output current reaches 4 A, some overshoot of the output voltage occurs due to the
sudden stop of load increase. After a few oscillations, the output voltage ripple is completely damped and
the output voltage is at its reference.

Similar observations can be made for the interleaved 3.3 V buck converter, shown in Figure D.12. The output
voltage drops by 2.1% to 3.23 V before increasing to the reference. However, fewer oscillations are visible
than for the 5V buck converter.
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Output voltage 5V interleaved buck converter
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Figure D.11: Simulated voltage regulation of the interleaved 5V buck converter under increasing load condi-
tion.
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Figure D.12: Simulated voltage regulation of the interleaved 3.3 V buck converter under increasing load.

D.4 Complete PES Simulation Model

The simulation model of the complete PES from Chapter 7 is shown in Figure D.13. The model of the
bidirectional, bucks, and buck-boost converters shown in Figures D.2, D.3, and D.4 are made as subsystems
in the simulation. However, the input sources and output loads are removed for each converter. These are
placed at the top level of the PES simulation. In addition, the duty cycle calculation part of the controllers
of each converter is placed in the Microcontroller subsystem.
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Figure D.13: Simulink model of the complete PES simulation.
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- Interleaved buck-boost converter

.

The startup circuit is shown in Figure D.14. It mimics the two LDOs that power the gate drivers and micro-
controller during startup. The startup circuit keeps the output voltages of the 5V and 3.3V bucks at their
rated voltage during startup in the simulation while keeping the buck converters off. The Matlab function
block sets the output LDO_dis to one when no startup is simulated. When startup is simulated, the output
is set to zero and when the bus voltage has been reached the output is set to one. When the output is one,
the sources representing the LDOs are disconnected from the outputs of the buck converters. The Enable



bucks output is the input of the controllers of the buck converters. When set to one, the voltage controllers
of the buck converters from Figure D.6 are enabled.

1
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o
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Figure D.14: Simulink model of the startup circuit.

Finally, the microcontroller implementation is shown in Figure D.15. It implements the switch-case struc-
ture of the software from Section 6.2.4, where each converter is updated periodically one by one at a rate
of 5kHz. The rate transition blocks Fcontrol are set at 20 kHz to achieve the 5kHz update rate for each
converter. The subsystems Bidirectional update, 5V buck update, 3.3V buck update, and Buck-boost update
contain the duty cycle calculation part of each controller from Section D.2.7. The PWM generation part is
put into subsystems of the converters since the PWM signals have to be generated continuously.
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Figure D.15: Simulink model of the microcontroller control implementation.
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Appendix E

LTSpice Simulations

E.1 Double Pulse Test

In Chapter 5.7, the snubber resistance Rs and capacitance Cs were found using double pulse test simula-
tions in LTspice. In Figure E.1, the schematic of the double pulse test is shown. In a double pulse test, the
switch is turned on and off twice. During the first pulse, the current in the inductor L1 is ramped up to the
desired value I ;. The pulse duration is determined from Equation E.1.

L1,
Tpulse1 = %U (E.'I)

After Tpise1, the switch is turned off at current I 4. At this point, the turn-off characteristics of the switch are
determined at worst-case conditions. When the switch has turned off, the diode D, acts as freewheeling
diode and conducts 1. After T},ysep, the switch is turned back on. It has to switch-on current I 4, hence
it operates under hard-switching conditions. At this point, the turn-on characteristics of the switch are
determined at worst-case conditions.
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Figure E.1: Double pulse test simulation of the interleaved buck converters in LTspice.

In the simulations, a parasitic resistance is placed in series of each component. Additionally, a parasitic
capacitance has been placed in parallel to the main inductance L4. The stray inductance Lz is modelled
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as a single inductance at the drain, representing the total stray inductance seen by the drain and source
of the switch. The exact value depends on the thickness and traces used in the PCB. A value of 10 nH
seen at the drain and source is estimated, resulting in a total stray inductance of 20 nH. Table E.1 provides
the simulation parameters of the DPT simulation for the interleaved bucks, buck-boost, and bidirectional
converter.

Table E.1: Parameters of the DPT simulation

DPT simulation parameters: Bucks Buck-boost Bidirectional
Double pulse circuit:

Source voltage V1 12V 27V 21V

Diode D1 RSX501LAM20TR | PMEG4050ERP115 | SS8P3L-M3/86A
Inductor L1 22 uH 3BuH 22 uH

Stray inductance L3 20nH 20nH 20nH

Gate driver:

Supply voltage V3 5V 5V 5V

Gate resistor Rg 7Q 100 90

Ambient temperature V4 25°C 25°C 25°C

Supply capacitance C3 470 nF 470 nF 470 nF

TDl input resistors R6, R7 47 kQ 47k 47 kQ
On-time Tpulsel | 7.33 us 4.547 us 9.104 us
Off-time Tpulse2 | Tus Tus Tus

Figure E.2 shows the gate-source voltage, drain-source voltage, and drain current from the simulation
shown in Figure E.1. The current ramps up to the maximum inductor current expected in the 5V buck
converter, after which the switch is turned-off. Some overshoot of Vps is visible. The switch is turned on
again, showing some oscillations in the drain current. Thus, it can be concluded that the simulation works
as intended.
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Figure E.2: Gate-source voltage (top), drain-source voltage (middle), and drain current (bottom), of the switch
for the DPT of the interleaved buck converters from Figure E. 1.

E.2 Snubber Design Bidirectional and Buck-Boost Converters

In Section 5.7.1 the design of the snubber network for the interleaved buck converters is discussed. Since
the work is repetitive, the design of the snubber network of the interleaved buck-boost and bidirectional
converter is presented here.
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E.2.1 Snubber Interleaved Buck-Boost Converter

In Figures E.3 and E.4, the drain-source voltage and the losses in the snubber resistance are shown for
constant Cs=1nF and by changing Rs from 1€ to0 20 Q2. Figures E.5 and E.6 show the same, but for constant
Rs and changing Cs. The same observations as for the interleaved buck converter are made:

+ By increasing the resistance, the voltage ringing is damped more and the overshoot is reduced.

+ The ringing and overshoot is increased for Rs too large, in this case Rs >159.

+ The energy loss in the snubber resistor is barely affected by the value of Rs for Rg > 5.

+ By increasing Cs, the voltage ringing is damped more and the overshoot reduced.

+ The energy losses increase exponentially by increasing Cs.

From Figure E.3, a snubber resistance value of Rg = 15 results in the lowest amount of ringing and over-
shoot. From Figure E.5, a snubber capacitance of Cs = 1nF results in the lowest overshoot while also
keeping F, < 1uJ. However, with Cs = 500 pF, the voltage spike increases by less than 2V while decreas-
ing the losses by a factor of two. Therefore, a snubber capacitance of 500 pF is used. The average power
loss in the snubber network using Rs = 15Q and Cs = 500 pF is Psp = EspFs = 35.55mW. This reduces the
efficiency by 0.170% at MPP. Thus, the power loss in the snubber resistance can be neglected.
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Figure E.3: Simulated waveform of drain-source volt-
age buck-boost for different resistor values.
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Figure E.5: Simulated waveform of drain-source volt-
age buck-boost for different capacitance values.
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E.2.2 Snubber Interleaved Bidirectional Converter

The drain-source voltage and snubber losses of the interleaved bidirectional converter for a constant Cs =
1nF and different Rg are shown in Figures E.7 and E.8, respectively. The same is shown in Figures E.9 and
E.10, but for constant Rs = 4 and varying Cs. Again, the same observations as for the buck and buck-
boost converter are made and will not be repeated. However, the change in voltage overshoot is more
sensitive to the values of Rq and Cs. Therefore, Rq is varied between 2 Q) and 8 Q2, and Cs between 200 pF
and 5nF.

From Figure E.7, aresistance of 4 Q results in the lowest overshoot, but a small amount of ringing is present.
Aresistance of 5Q results in less ringing, but larger overshoot. By increasing the capacitance, both ringing
and overshoot are reduced. Therefore, Ry = 4 is preferred, because it has slightly lower losses. From
Figure E.9, Cs > 2 nF to have sufficient overshoot reduction such that Vpg peak < 40 V. A capacitance of 2nF
is used. Compared to the 3 nF capacitance, the losses are reduced by 26.2% (1.76 uJ vs 1.30 uJ), while
the overshoot is increased by 30.4% (9.45V vs 12.32V overshoot). The slightly larger overshoot is still
acceptable because there is still a 6.68 V margin to the rated voltage of the switch. Using Rs = 4 and Cs
= 2 nF, the resulting average loss in the snubber resistance is Ps, = EqpFs = 129.66 mW. At maximum load,
this reduces the efficiency by 0.14%. Thus, the losses in the snubber resistance can be neglected.
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Figure E.7: Simulated waveform of drain-source volt-
age bidirectional for different resistor values.

Figure E.8: Simulated energy loss in snubber of bidi-
rectional for different resistor values.
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